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Foreword 


Quantum physics is now one hundred years old, and this description of physical phe- 
nomena, which has transformed our vision of the world, has never been found at fault, 
which is exceptional for a scientific theory. Its predictions have always been verified 
by experiment with impressive accuracy. The basic concepts of quantum physics such 
as probability amplitudes and linear superpositions of states, which seem so strange to 
our intuition when encountered for the first time, remain fundamental. However, during 
the last few decades an important evolution has occurred. The spectacular progress made 
in observational techniques and methods of manipulating atoms now makes it possible 
to perform experiments so delicate that they were once considered as only “thought 
experiments” by the founders of quantum mechanics. The existence of “nonseparable” 
quantum correlations, which forms the basis of the Einstein—Podolsky—Rosen “paradox” 
and which violates the famous Bell inequalities, has been confirmed experimentally with 
high precision. “Entangled” states of two systems which manifest such quantum correla- 
tions are now better understood and even used in practical applications such as quantum 
cryptography. The entanglement of a measuring device with its environment reveals an 
interesting new pathway to better understanding of the measurement process. 

In parallel with these conceptual advances, our everyday world is being invaded by 
devices which function on the basis of quantum phenomena. The laser sources used 
to read compact disks, in ophthalmology, and in optical telecommunications are based 
on light amplification by atomic systems with population inversion. Nuclear magnetic 
resonance is widely used in hospitals to obtain ever more detailed images of the organs 
of the human body. Millions of transistors are incorporated in the chips which allow our 
computers to perform operations at phenomenal speeds. 

It is therefore clear that any modern course in quantum physics must cover these 
recent developments in order to give the student or researcher a more accurate idea of 
the progress that has been made and to motivate the better understanding of physical 
phenomena whose conceptual and practical importance is increasingly obvious. This is 
the goal that Michel Le Bellac has successfully accomplished in the present work. 

Each of the fifteen chapters of this book contains not only a clear and concise description 
of the basic ideas, but also numerous discussions of the most recent conceptual and 
experimental developments which give the reader an accurate idea of the advances in 
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the field and the general trends in its evolution. Chapter 6 on entangled states is typical 
of this method of presentation. Instead of stressing the mathematical properties of the 
tensor product of two spaces of states, which is rather austere and forbidding, this 
chapter is oriented on discussion of the idea of entanglement, and introduces several 
examples of theoretical and experimental developments (some of them very new) such 
as the Bell inequalities, tests of these inequalities and in particular the most recent ones 
based on parametric conversion, GHZ (Greenberger, Horne, Zeilinger) states, the idea 
of decoherence illustrated by modern experiments in cavity quantum electrodynamics 
(discussed in more detail in an appendix), and teleportation. It is difficult to imagine a 
more complete immersion in one of the most active current areas of quantum physics. 
Numerous examples of this modern presentation can be found in other chapters, too: 
interference of de Broglie waves realized using slow neutrons or laser-cooled atoms; 
tunnel-effect microscopy; quantum field fluctuations and the Casimir effect; non-Abelian 
gauge transformations; the optical Bloch equations; radiative forces exerted by laser 
beams on atoms; magneto-optical traps; Rabi oscillations in a cavity vacuum, and so on. 

I greatly admire the effort made by the author to give the reader such a modern and 
compelling view of quantum physics. Of course, not all subjects can be treated in great 
detail, and the reader must make some effort to obtain a deeper comprehension of the 
subject. This is aided by the detailed bibliography given in the form of both footnotes 
to the text and a list of suggested reading at the end of each chapter. I am sure that 
this text will lead to better comprehension of quantum physics and will stimulate greater 
interest in this absolutely central discipline. I would like to thank Michel Le Bellac for 
this important contribution which will certainly give physics a more exciting image. 


Claude Cohen-Tannoudji 


Preface 


This book has grown out of a course given at the University of Nice over many years 
for advanced undergraduates and graduate students in physics. The first ten chapters 
correspond to a basic course in quantum mechanics for advanced undergraduates, and the 
last four could serve to complement a graduate course in, for example, atomic physics. 
The book contains about 130 exercises of varying length and difficulty, most of which 
have actually been used in homework or exams. 

This book should be interesting not only to students in physics and engineering, 
but also to a wider group of physicists: graduate students, researchers, and secondary- 
school teachers who wish to update their knowledge of quantum physics. It discusses 
recent developments not covered in the classic texts such as entangled states, quantum 
cryptography and quantum computing, decoherence, interactions of a laser with a two- 
level atom, quantum fluctuations of the electromagnetic field, laser manipulation of atoms, 
and so on, and it also includes a concise discussion of the current ideas about measurement 
in quantum mechanics as an appendix. 

The organization of this book differs greatly from that of the classic texts, which 
typically begin with the Schrédinger equation and then proceed to study its solution in 
various situations. That approach makes it necessary to introduce the basic principles of 
quantum mechanics in a relatively complicated situation, and they end up being obscured 
by calculations which are often rather complex. Instead, I have striven to present the 
fundamentals of quantum mechanics using the simplest examples, and the Schrddinger 
equation appears only in Chapter 9. I follow the approach of pushing the logic adopted 
by Feynman (Feynman et al. [1965]) to its limit: developing the algebraic approach 
as far as possible and exploiting the symmetries, so as to present quantum mechanics 
within an autonomous framework without reference to classical physics. There are several 
advantages to this logic. 


e The algebraic approach allows the solution of simple problems in finite-dimensional (for example, 
two-dimensional) spaces, such as photon polarization, spin 1/2, two-level atoms, and so on. 

e This approach leads to the clearest statement of the postulates of quantum mechanics, as the fun- 
damental issues are separated from the less fundamental ones (for example, the correspondence 
principle is not a fundamental postulate). 
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e The use of the symmetry properties leads to the most general introduction to fundamental physical 
properties such as momentum, angular momentum, and so on as the infinitesimal generators of 
these symmetries, without resorting to the correspondence principle or classical analogies. 


Another advantage of this approach is that the reader wishing to learn about the recent 
developments in quantum information theory need consult only the first six chapters. 
These are sufficient for comprehension of the basics of quantum information, without 
passing through the stages of expansion of the wave function in spherical harmonics and 
solving the Schrédinger equation in a central potential! 

I have given special attention to the pedagogical aspects. The order of chapters was 
carefully chosen: the early ones use only finite-dimensional spaces, and only after the 
basic principles have been covered do I go on to the general case in Chapter 7. Chapters 11 
to 14 and the appendices involve more advanced techniques which may be of interest to 
professional physicists. An effort has been made regarding the vocabulary, in order to 
avoid certain historically dated expressions which can obstruct the understanding of quan- 
tum mechanics. Following the modernization proposed by J.-M. Lévy-Leblond (Quantum 
words for a quantum world, in Epistemological and Experimental Perspectives on Quan- 
tum Physics, D. Greenberger, W. L. Reiter and A. Zeilinger (eds.) Dordrecht: Kluwer 
(1999)), I use “physical property” instead of “observable” and “Heisenberg inequality” 
instead of “uncertainty principle,” and I avoid expressions such as “complementarity” 
and “wave-particle duality.” 

The key chapters of this book, that is, those which diverge most obviously from the 
traditional treatment, are Chapters 3, 4, 5, 6, and 8. Chapter 3 introduces the space of 
states for the example of photon polarization and shows how to go from a wave amplitude 
to a probability amplitude. Spin 1/2 takes the reader directly to a problem without a 
classical analog. The essential properties of spin 1/2, namely the algebra of the Pauli 
matrices, the rotation matrices, and so on, are obtained using only two hypotheses: (1) two- 
dimensionality of the space of states and (2) rotational invariance. The Larmor precession 
of the quantum spin allows us to introduce the evolution equation. This chapter prepares 
the reader for the statement of the postulates of quantum mechanics in the following 
chapter, and it is possible to illustrate each postulate in a concrete fashion by returning 
to the examples of Chapter 3. The distinction between the general conceptual framework 
of quantum mechanics and the modeling of a particular problem is carefully explained. 
In Chapter 5 quantum mechanics is applied to some simple and physically important 
systems with a finite number of levels, a particular case being the diagonalization of the 
Hamiltonian in the presence of a periodic symmetry. This chapter also uses the example 
of the ammonia molecule to introduce the interaction of a two-level atomic or molecular 
system with an electromagnetic field, and the fundamental concepts of emission and 
absorption. 

Chapter 6 is devoted to entangled states. The practical importance of these states dates 
from the early 1980s, but they are often ignored by textbooks. This chapter also deals 
with fundamental applications such as the Bell inequalities, two-photon interference, 
and measurement theory, as well as potential applications such as quantum computing. 
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Chapter 8 is devoted to the study of symmetries using the Wigner theorem, which is 
generally ignored in textbooks despite its crucial importance. Rotational symmetry allows 
the angular momentum to be defined as an infinitesimal generator, and the commutation 
relations of J can be demonstrated immediately with emphasis on their geometrical origin. 
The canonical commutation relations of X and P are derived from the identification of 
the momentum as the infinitesimal generator of translations. Finally, I obtain the most 
general form of the Hamiltonian compatible with Galilean invariance using a hypothesis 
about the velocity transformation law. This Hamiltonian will be reinterpreted later on 
within the framework of local gauge invariance. 

The other chapters can be summarized as follows. Chapter 1 has the triple goal of 
(1) introducing the basic notions of microscopic physics which will be used later on in 
the text; (2) introducing the behavior of quantum particles, conventionally called “wave— 
particle duality”; and (3) presenting a simple explanation, with the aid of the Bohr atom, 
of the notion of energy level and of level spectrum. Chapter 2 presents the essential ideas 
about Hilbert space in the case of finite dimension. Chapter 7 gives some information 
about Hilbert spaces of infinite dimension; the goal here is of course not to present a 
mathematically rigorous treatment, but rather to warn the reader of certain pitfalls in 
infinite dimension. 

The final chapters are devoted to more classic applications. Chapter 9 presents wave 
mechanics and its usual applications (the tunnel effect, bound states in the square well, 
periodic potentials, and so on). The angular momentum commutation relations already 
presented in Chapter 8 reappear in Chapter 10 in the construction of eigenstates of J? and 
J,, and lead to the Wigner—Eckart theorem for vector operators. Chapter 11 develops the 
theory of the harmonic oscillator and motion in a constant magnetic field, which provides 
the occasion for explaining local gauge invariance. An important section in this chapter 
deals with quantized fields: the vibrational field and phonons, and the electromagnetic field 
and its quantum fluctuations. Chapters 12 and 13 are devoted to scattering and identical 
particles. In Chapter 14 I present a brief introduction to the physics of one-electron atoms, 
the main objective being to calculate the forces on a two-level atom placed in the field 
of a laser and to discuss applications such as Doppler cooling and magneto-optical traps. 

The appendices deal with subjects which are a bit more technically demanding. The 
proof of the Wigner theorem and the time-reversal operation are explained in detail in 
Appendix A. Some complementary information about the theory and experiments on 
decoherence can be found in Appendix B along with a discussion of some current ideas 
about measurement. Finally, Appendix C contains a discussion of the method of Wigner 
and Weisskopf for unstable states. 
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Units and physical constants 


The physical constants below are given with a relative precision of 10~> which is sufficient for the 
numerical applications in this book. 


Speed of light in vacuum c = 3.00 x 108 ms7! 

Planck constant h= 6.63 x 10° Js 

Planck constant divided by 277 A= 1.055 <10-7 Ts 

Electronic charge (absolute value) @.= 1,602 10-" C 

Fine structure constant a = q2/(4meyhc) = e?/(hce) = 1/137 
Electron mass m, = 9.11 x 1073! kg = 0.511 MeV c~? 
Proton mass m, = 1.67 x 10-7” kg = 938 MeV c~* 
Bohr magneton Mp = 9h/(2m,) = 5.79 x 10-5 eV T™! 
Nuclear magneton My = Gehi/(2m,) = 3.15 x 10-°eVT"! 
Bohr radius dy = h? /(m,e*) = 0.529 x 10-8 m 
Rydberg constant R,, = m,e* /(2h?) = 13.61eV 
Boltzmann constant kg = 1.38 x 10-7 J K7! 

Electron volt and temperature 1 eV = 1.602 x 107° J=k, x 11600 K 
Gravitational constant G =6.67x 107!!! N m? kg” 
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Introduction 


The first objective of this chapter is to briefly review some of the basic ideas about the 
structure of matter, in particular the concepts of microscopic physics, in order to recall the 
knowledge gained in previous physics (and chemistry) courses and make it more precise. 
Our review will be very concise, and most statements will be made without any proof 
or detailed discussion. A second objective is to give a brief description of some of the 
crucial stages in the early development of quantum physics. We shall not follow the strict 
historical order of this development or present the arguments used at the beginning of 
the last century by the founding fathers of quantum mechanics; rather, we shall stress the 
concepts which we shall find useful later on. Our last objective is to give an elementary 
introduction to some of the basic ideas, like those of a quantum particle or energy level, 
that will reappear throughout this text. We shall base our review on the Bohr theory, 
which provides a simple, though far from convincing, explanation of how energy levels 
are quantized and how the spectrum of the hydrogen atom arises. This chapter should be 
reread later on, once the basic ideas of quantum mechanics have been made explicit and 
illustrated by examples. From the practical point of view, it is possible to skip the general 
considerations of Sections 1.1 and 1.2 at the first reading and begin with Section 1.3, 
returning to those two sections later on as needed. 


1.1 The structure of matter 
1.1.1 Length scales from cosmology to elementary particles 


Table 1.1 gives the length scales in meters of some typical objects, ranging from the size 
of the known Universe to the subatomic scale. A unit of length convenient for measuring 
astrophysical distances is the light-year (l-y.): 1 ly. = 0.95 x 10'°m. The submeter scales 
commonly used in physics are the micrometer 11m = 10~°m, the nanometer 1 nm = 
10~° m, and the femtometer (or fermi, F) 1 fm = 10~'° m. Objects at the microscopic scale are 
often studied using electromagnetic radiation of wavelength of the order of the characteristic 
size of the object under study (by means of a microscope, X-rays, etc.).! It is well known that 


' Other techniques are neutron scattering (Exercise 1.6.4), electron microscopy, tunneling microscopy (Section 9.4.2), and so on. 
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Table 1.1 Some typical distance scales 


Size (m) 
Known Universe 1.3 x 1076 
Radius of the Milky Way ~5 x 107° 
Sun-Earth separation 153610" 
Radius of the Earth 6.4 x 10° 
Man 1.7 
Insect 0.01 to 0.001 
E. coli (bacterium) ~2x 10~° 
HIV (virus) 1.1 x 1077 
Fullerene Ceo 0.7%. 10-7 
Atom ~107!° 
Lead nucleus Te10-% 


Proton 0.8 x 10-8 


the limiting resolution is determined by the wavelength used: it is fractions of a micrometer 
for a microscope using visible light, or fractions of a nanometer when X-rays are used. The 
wavelength spectrum of electromagnetic radiation (infrared, visible, etc.) is summarized in 
Fig. 1.1. 


1.1.2 States of matter 


We shall be particularly interested in phenomena occurring at the microscopic scale, and 
so it is useful to recall some of the elementary ideas about the microscopic description 
of matter. Matter can exist in two different forms: an ordered form, namely a crystalline 
solid, and a disordered form, namely a liquid, a gas, or an amorphous solid. 


E (eV) 


-- ee pe 
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Fig. 1.1. Wavelengths of electromagnetic radiation and the corresponding photon energies. The 
boundaries between different types of radiation (for example, between y-rays and X-rays) are 
not strictly defined. A photon of energy E = 1 eV has wavelength A = 1.24 x 10-°m, frequency 


v = 2.42 x 10!'* Hz, and angular frequency w = 1.52 x 10" rad s"'. 
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Fig. 1.2. Arrangement of atoms in a crystal of sodium chloride. The chlorine ions Cl” are larger 
than the sodium ions Na‘. 


A crystalline solid possesses long-range order. As an example, in Fig. 1.2 we show 
the microscopic structure of sodium chloride. The basic crystal pattern is repeated with 
periodicity / = 0.56 nm, forming the crystal lattice. Starting from a chlorine ion or 
a sodium ion and moving along one of the links of the cubic structure, we again reach a 
chlorine ion or a sodium ion after a distance n x 0.56 nm, where n is an integer. This is 
what we mean by long-range order. 

Liquids, gases, and amorphous solids do not possess long-range order. Let us take 
as an example a monatomic liquid, namely liquid argon. To a first approximation the 
argon atoms can be represented as impenetrable spheres of diameter 0 ~ 0.36 nm. In 
Fig. 1.3 we schematically show an atomic configuration for a liquid in which the spheres 
practically touch each other, but are arranged in a disordered fashion. Taking the center 
of one atom as the origin, the probability p(r) of finding the center of another atom 
at a distance r from the former is practically zero for r < o. However, this probability 
reaches a maximum at r= o,20,... and then oscillates before becoming stable at a 
constant value, whereas in the case of a crystalline solid the function P(r) possesses peaks 


p(r) 


(a) (b) (c) 


Fig. 1.3. (a) Arrangement of atoms in liquid argon. (b) Probability p(r) for a liquid (dashed line) 
and for a gas (solid line). (c) Probability p(r) for a simple crystal. 
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no matter what the distance from the origin is. Argon gas has the same type of atomic 
configuration as liquid argon, the only difference being that the atoms are much farther 
apart. The difference between the liquid and the gas vanishes at the critical point, and it 
is possible to move continuously from the gas to the liquid and back while going around 
the critical point, whereas such a continuous passage to a solid is impossible because the 
type of order is qualitatively different. 

We have chosen a monatomic gas as an example, but in general the basic object 
is a combination of atoms in a molecule such as N,, O,, H,O, etc. Certain molecules 
like proteins may contain thousands of atoms. For example, the molecular weight of 
hemoglobin is something like 64000. A chemical reaction is a rearrangement of atoms — 
the atoms of the initial molecules are redistributed to form the final molecules: 


H, +Cl, > 2HCl. 


An atom is composed of a positively charged atomic nucleus (or simply nucleus) and 
negatively charged electrons. More than 99.9% of the mass of the atom is in the nucleus, 
because the ratio of the electron mass m, to the proton mass m, is m,/m, ~ 1/1836. The 
atom is ten thousand to a hundred thousand times larger than the nucleus: the typical size 
of an atom is 1 A (where 1 A= 107!°m =0.1 nm), while that of a nucleus is several 
fermis (or femtometers).’ 

An atomic nucleus is composed of protons and neutrons. The former are electrically 
charged and the latter are neutral. The proton and neutron masses are identical to within 
0.1%, and this mass difference can often be neglected in practice. The atomic number 
Z is the number of protons in the nucleus, and also the number of electrons in the 
corresponding atom, so that the atom is electrically neutral. The mass number A is the 
number of protons plus the number of neutrons N: A = Z+N. The protons and neutrons 
are referred to collectively as nucleons. Nuclear reactions involving protons and neutrons 
are analogous to chemical reactions involving atoms: a nuclear reaction is a redistribution 
of protons and neutrons to form nuclei different from the initial ones, while a chemical 
reaction is a redistribution of atoms to form molecules different from the initial ones. 
An example of a nuclear reaction is the fusion of a deuterium nucleus (7H, a proton and 
a neutron) and a tritium nucleus (+H, a proton and two neutrons) to form a helium-4 
nucleus (*He, two protons and two neutrons) plus a free neutron: 


°H +°H >*He+n+ 17.6 MeV. 


The reaction releases 17.6 MeV of energy and in the (probably distant) future may be 
used for large-scale energy production (fusion energy). 

An important concept pertaining to an atom formed from a nucleus and electrons, as 
well as to a nucleus formed from protons and neutrons, is that of the binding energy. Let 
us consider a stable object C formed of two objects A and B. The object C is termed a 
bound state of A and B. The breakup C — A+B will not be allowed if the mass mo 


2 We shall often use the Angstrém (A), which is the characteristic atomic scale, rather than nm. 
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of C is less than the sum of the masses m, and m, of A and B, that is, if the binding 
energy EF, 


E, = (ma +mg—me)c (1.1) 


is positive.> Here c is the speed of light and E, is the energy needed to dissociate C 
into A+B. In atomic physics this energy is called the ionization energy, and it is the 
energy necessary to break up an atom into a positive ion and an electron, or, stated 
differently, to remove an electron from the atom. In the case of molecules EF, is the 
dissociation energy, or the energy needed to break up the molecule into atoms. A particle 
or a nucleus that is unstable in a particular configuration may be perfectly stable in 
a different configuration. For example, a free neutron (n) is unstable: in about fifteen 
minutes on average it disintegrates into a proton (p), an electron (e), and an electron 
antineutrino (v,); this is the basic decay of B-radioactivity: 


n° > pt+e +0, (1.2) 
where we have explicitly indicated the charge of each particle. This decay is possible 
because the masses‘ of the particles in (1.2) satisfy 

m,c > (m, +m, + m;)c°, 
where 


m, ~ 939.5MeVc*, m,~938.3MeVc*, m,~0.51MeVc*, m, ~0. 


Ve 


On the other hand, a neutron in a stable atomic nucleus does not decay; taking as an 
example the deuterium nucleus (the deuteron, 7H), we have 


Myc’ ~ 1875.6 MeV < (2m, +m, +m, )c’ ~ 1878.3 MeV, 


and so the decay 


°-H > 2pt+e+?, 


is impossible: the deuteron is a proton—neutron bound state. 


1.1.3 Elementary constituents 


So far, we have broken up molecules into atoms, atoms into electrons and nuclei, and 
nuclei into protons and neutrons. Can we go even farther? For example, can we break 


3 According to the celebrated Einstein relation E = mc”; by simple dimensional analysis we can relate mass and energy to 
each other, so that, for example, masses can be expressed in Jc? or ineVc7?. 

4 Three recent experiments, those of S. Fukuda et al. (SuperKamiokande Collaboration), Solar B8 and hep neutrino measure- 
ments from 1258 days of SuperKamiokande data, Phys. Rev. Lett. 86, 5651 (2001), Q. Ahmad et al. (SNO Collaboration), 
Interactions produced by B8 solar neutrinos at the Sudbury Neutrino Observatory, Phys. Rev. Lett., 87, 071301 (2001), and 
K. Eguchi et al. (Kamland Collaboration), First results from Kamland: evidence from reactor antineutrino disappearance, 
Phys. Rev. Lett. 90, 021802 (2003), demonstrate convincingly that the neutrino mass is not zero, but is probably of order 
10-2 eVc~?; cf. Exercise 4.4.6 on neutrino oscillations. For a review, see D. Wark, Neutrinos: ghosts of matter, Physics 
World 18(6), 29 (June 2005). 
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up a proton or an electron into more elementary constituents? Is it possible, for example, 
that a neutron is composed of a proton, an electron, and an antineutrino, as Eq. (1.2) 
suggests? A simple argument based on the Heisenberg inequalities shows that the electron 
cannot pre-exist inside the neutron (Exercise 9.7.4), but instead is created at the moment 
the decay occurs. Therefore, we cannot say that a neutron is composed of a proton, 
an electron, and a neutrino. One could also imagine “breaking” a proton or a neutron 
into more elementary constituents by bombarding it with energetic particles, just as, for 
example, happens when a deuteron is bombarded by electrons of several MeV in energy: 


e+?*H>e+p+n. 


The deuteron 7H is broken up into its constituents, a proton and a neutron. However, 
the situation is not repeated when a proton is bombarded by electrons. When low-energy 
electrons are used, the collisions are elastic: 


e+p—>e+tp, 


and when the electron energy is high enough (several hundred MeV), the proton does not 
break up; instead, other particles are created, for example in reactions like 


e+p—>e+p+m’, 
e+p—>e+n+a'4+7°, 
et+p—>e+Kt+A’, 


where the 7 and K mesons and the A° hyperon are new particles whose nature is not 
important for the present discussion. The crucial point is that these particles do not exist 
ab initio inside the proton, but are created at the instant the reaction occurs. 

It therefore appears that at some point it is not possible to decompose matter into 
constituents which are more and more elementary. We can then ask the following question: 
what is the criterion for a particle to be elementary? The current idea is that a particle 
is elementary if it behaves as a point particle in its interactions with other particles. 
According to this idea, the electron, neutrino, and photon are elementary, while the proton 
and neutron are not: they are “composed” of quarks. These quotation marks are important, 
because quarks do not exist as free states,? and the quark “composition” of the proton 
is very different from the proton and neutron composition of the deuteron. Only indirect 
(but convincing) evidence of this quark composition exists. 

As far as is known at present,° there exist three families of elementary particles or 
“particles of matter” of spin 1/2.’ They are listed in Table 1.2, where the electric charge g 
is expressed in units of the proton charge. Each family is composed of leptons and quarks, 


> What exactly is meant by the quark “mass” is quite complicated, at least for the so-called “light” quarks — the up, down, and 
strange quarks. Something close to the mass defined in the usual way is obtained for the heavy b and t quarks. 

© There is a very strong argument for limiting the number of families to three. In 1992 experiments at CERN showed that 
the number of families is limited to three on the condition that the neutrino masses are less than 45 GeV c~*. The actual 
experimental value of the number of families is 2.984 + 0.008. 

T Spin 1/2 is defined in Chapter 3 and spin in general in Chapter 10. 
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Table 1.2 Matter particles. The electric charges are measured in units of the proton 


charge. 
Lepton gq = —1 Neutrino gq = 0 Quark g = 2/3 Quark g = —1/3 
Family | electron neutrino, up quark down quark 
Family 2 muon neutrino, charmed quark strange quark 
Family 3 tau neutrino, top quark bottom quark 


and each particle has a corresponding antiparticle of the opposite charge. The leptons of 
the first family are the electron and its antiparticle the positron e*, as well as the electron 
neutrino v, and its antiparticle the electron antineutrino v,. The quarks of this family are 
the up quark u of charge 2/3 and the down quark d of charge —1/3 plus, of course, the 
corresponding antiquarks 0 and d, with charges —2/3 and 1/3, respectively. The proton is 
the combination uud and the neutron is the combination udd. This first family is sufficient 
for our everyday life, as all ordinary matter is composed of these particles. The neutrino 
is essential for the cycle of nuclear reactions occurring in the normally functioning Sun. 
While the existence of this first family is justified by an anthropocentric argument (if the 
family did not exist, we would not be here to talk about it), the reason for the existence 
of the other two families remains obscure.* 

To these particles we need to add those that “carry” the interactions: the photon for 
electromagnetic interactions, the W and Z bosons for weak interactions, the gluons for 
strong interactions, and the graviton for gravitational interactions.? Now let us discuss 
these interactions. 


1.1.4 The fundamental interactions 


There are four types of fundamental interaction (forces): strong, electromagnetic, weak, 
and gravitational.'° The electromagnetic interaction will play a leading role in this book, 
as it governs the behavior of atoms, molecules, solids, etc. The electrical forces obeying 
Coulomb’s law dominate. We recall that a charge g fixed at the coordinate origin exerts 
a force on a charge q’ at rest located at a point r 


= (1.3) 


8 As LI. Rabi reputedly said of the muon: “Who ordered that?” Nevertheless, we know that each family must be complete: 
this is how the existence of the top quark and the value of its mass were predicted several years before its experimental 
discovery in 1994. Owing to its high mass, about 175 times that of the proton, the top quark was not discovered until the 
proton—antiproton collider known as the Tevatron was in operation in the USA. 

° More rigorously, the electromagnetic and weak interactions have by now been unified as the electroweak interaction. The 
gluon, just like the quark, does not exist as a free state. Finally, the existence of the graviton is still hypothetical. 

'0 Every once in a while a “fifth force” is “discovered,” but it soon disappears again! 
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where 7 is a unit vector r/r, r= |r|, and &, is the vacuum permittivity.'' If the charges 
move with speed v, we must also take into account the magnetic forces. However, they 
are weaker than the Coulomb force by a factor ~ (v/c)? (we are using ~ in the sense “of 
the order of”). For the electrons of the outer shells of an atom (v/c)* © (1/137)? < 1, 
but, owing to the extremely high precision of atomic physics experiments, the effects of 
magnetic forces are easily seen in phenomena such as the fine structure or the Zeeman 
effect (Section 14.2.3). The Coulomb force (1.3) is characterized by 


e the 1/r* force law. This is called a long-range force law; 
e the strength of the force as measured by the coupling constant qq’ /47€o. 


The modern, field-theoretic, point of view is that electromagnetic forces are generated by 
the exchange of “virtual” photons between charged particles.'* Quantum field theory is the 
result of the (conflicting!!*) marriage between quantum mechanics and special relativity. 
The interactions between atoms or between molecules are represented as effective forces, 
for example van der Waals forces (Exercise 14.6.1). These forces are not fundamental 
because they are derived from the Coulomb force — they are actually the Coulomb force 
in disguise in the case of complex, electrically neutral systems. 

The strong interaction is responsible for the cohesion of the atomic nucleus. In contrast 
to the Coulomb force, it falls off exponentially with distance according to the law ~ 
(1/r?) exp(r/rp) with ro ~ 1F, and therefore is termed a short-range force. For r X ro 
this force is very strong, such that the typical energies inside the nucleus are of the 
order of MeV, while for the outer-shell electrons of an atom they are of the order of eV. 
In reality, the forces between nucleons are not fundamental, because, as we have seen, 
nucleons are composite particles. The forces between nucleons are analogous to the van 
der Waals forces between atoms, and the fundamental forces are actually those between 
the quarks. However, the quantitative relation between the nucleon-nucleon force and the 
quark—quark force is far from understood. The gluon, a particle of zero mass and spin 1 
like the photon, plays the same role in the strong interaction as the photon plays in the 
electromagnetic one. The charge is replaced by a property conventionally referred to as 
color, and the theory of strong interactions is therefore called (quantum) chromodynamics. 
The weak interaction is responsible for radioactive B-decay: 


(ZN BGAN Der Sy. (1.4) 
A special case is that of (1.2), which is written in the notation of (1.4) as 
(0, 1) > (1,0) +e7 +7,. 


Like the strong interaction, the weak interaction is short-range; however, as suggested 
by its name, it is much weaker than the former. The carriers of the weak interaction are 


'l We shall systematically use the notation 7, #, p etc. for unit vectors in ordinary space. 

2 The term “virtual photons” will be explained in Section 4.2.4. 

'3 The combination of quantum mechanics and special relativity leads to infinities, which must be controlled by a procedure 
called renormalization. The latter was not fully understood and justified until the 1970s. 
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spin-1 bosons: the charged W* and the neutral Z° with masses 82 MeVc~? and 
91 MeVc~’, respectively (about 100 times the proton mass). The leptons, quarks, 
spin-1 bosons (also referred to as gauge bosons: the photon, gluons, W*, and Z°; see 
Exercise 11.5.11 for some elementary explanations), as well as a hypothetical spin-0 
particle called the Higgs boson which gives masses to all the particles, are the particles 
of the Standard Model of particle physics. This model has been tested experimentally 
with a precision of better than 0.1% over the past ten years. 

Last of all, we have the gravitational interaction between two masses m and m’, which, 
in contrast to the Coulomb interaction, is always attractive: 


A 


> F r 

F =—Gmm 2" (1.5) 
Here the notation is the same as in (1.2) and G is the gravitational constant. The force 
law (1.5) is, like the Coulomb law, a long-range law, and since the two forces have the 


same form we can form the ratio of these forces between an electron and a proton: 


ve = (£) ( 1 ) ~ 10°. 
Fy 4TE, Gm,.m, 


In the hydrogen atom the gravitational force is negligible; in general, this force is com- 
pletely negligible for all the phenomena of atomic, molecular, and solid-state physics. 
General relativity, the relativistic theory of gravity, predicts the existence of gravitational 
waves.'* These are the gravitational analog of electromagnetic waves, and the spin-2, 
massless graviton is the analog of the photon. Nevertheless, at present there is no quantum 
theory of gravity. The unification of quantum mechanics and general relativity and the 
explanation of the origin of mass and the three particle families are major challenges of 


theoretical physics in the twenty-first century. 

Let us summarize our presentation of the elementary constituents and the fundamental 
forces. There exist three families of matter particles, the leptons and quarks, plus the 
carriers of the fundamental forces: the photon for the electromagnetic interaction, the 
gluon for the strong interaction, the W and Z bosons for the weak interaction, and, finally, 
the hypothetical graviton for the gravitational interaction. 


1.2 Classical and quantum physics 


Before introducing quantum physics, let us briefly review the fundamentals of classical 
physics. There are three main branches of classical physics, and each has different 
ramifications. 


'4 At present, there is only indirect, but convincing, evidence for gravitational waves from observations of binary pulsars 
(neutron stars). Such waves may some day be detected on Earth in the VIRGO, LIGO, and LISA experiments. The graviton 
will probably be observed only in the very distant future. 
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The first branch is mechanics, where the fundamental law is Newton’s law. Newton’s law is the 
fundamental law of dynamics; it states that in an inertial frame the force F on a point particle 
of mass m is equal to the derivative of its momentum p with respect to time: 


dp 


F=—. 
dt 


(1.6) 
This form of the fundamental equation of dynamics remains unchanged when the modifications 
due to special relativity, introduced by Einstein in 1905, are taken into account. In the general 
form of (1.6) we must use the relativistic expression for the momentum as a function of the 
particle velocity 0 and mass m: 


a 


3 mv 
p= ———. 
JYl—v?/c? 


The second branch is electromagnetism, summarized in the four Maxwell equations which give 
the electric field E and magnetic field B as functions of the charge density p,,, and the current 
density 7,,,, which are referred to as the sources of the electromagnetic field: 


(1.7) 


a 5 =. 6B 
V-B=0, VxE=-—, (1.8) 
at 
pe i oe BE Te 
Vest gyxp=—— 4-7, (1.9) 
Eo Ot = & 


These equations lead to a description of the propagation of electromagnetic waves in a vacuum 
at the speed of light: 


; i 
(sz-") 20 (1.10) 
B 


Maxwell’s equations allow us to make the connection to optics, which becomes a special case 
of electromagnetism. The connection between mechanics and electromagnetism is supplied by 
the Lorentz law giving the force on a particle of charge q and velocity v: 


F = q(E+¢~ 8B). (1.11) 


The third branch is thermodynamics, in which the main consequences are derived from the 
second law:!> there exists no transformation whose sole effect is to extract a quantity of heat 
from a reservoir and convert it entirely to work. This second law leads to the concept of entropy 
which lies at the base of all of classical thermodynamics. The microscopic origin of the second 
law was understood at the end of the nineteenth century by Boltzmann and Gibbs, who were 
able to relate this law to the fact that a macroscopic sample of matter is made up of an enormous 
(~1073) number of atoms; this allows us to use probability arguments, on which statistical 
mechanics is founded. The principal result of statistical mechanics is the Boltzmann law: the 


'S The first law is just energy conservation, while the third is fundamentally of quantum origin. 
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probability p(£) for a physical system in equilibrium at absolute temperature T to have energy 
E includes a factor called the Boltzmann weight p,(E):'° 


pa(E) = exp (— =) = exp(-B2), (1.12) 
where ky, is the Boltzmann constant (the gas constant R divided by Avogadro’s number), and 
we have introduced the usual notation B = 1/kg7. However, classical statistical mechanics is 
not in fact a consistent theory, and it is sometimes necessary to resort to questionable arguments 
to obtain a sensible result, for example in computing the entropy of a perfect gas. Quantum 
physics removes all these difficulties. 

4. To be completely rigorous, we should mention a fourth branch of classical physics: the relativistic 
theory of gravity, which in effect is not included in the three branches listed above. This theory 
is called general relativity, and is a geometrical description in which gravitational forces arise 
from the curvature of spacetime. 


Equations (1.6)-(1.11) represent the fundamental laws of classical physics, which can 
be summarized in only seven equations! The reader may wonder what happened to all 
the other familiar laws of physics such as Ohm’s law, Hooke’s law, the laws of fluid 
dynamics, etc. Some of these laws are derived directly from the fundamental ones; for 
example, Coulomb’s law is a consequence of the Maxwell equations and the Lorentz 
force (1.11) for static charges, and the Euler equation for a perfect fluid is a consequence 
of the fundamental law of dynamics. Many other laws are phenomenological.'’ They are 
not universally valid, in contrast to the fundamental laws. For example, some media do 
not obey Ohm’s law; the relation between the induction D and the electric field D = cE 
(for an isotropic medium) does not hold when the electric field becomes strong, giving 
rise to the phenomena of nonlinear optics. Hooke’s law does not apply if the tension 
becomes too large, and so on. The mechanics of solids, elasticity and fluid mechanics 
follow from (1.6) and various phenomenological laws like the law that relates the force, 
velocity gradient, and viscosity in fluid mechanics. It is important to clearly distinguish 
between the small number of fundamental laws and the large number of phenomenological 
laws which, for lack of anything better, are used in classical physics to describe matter. 

Although there is no doubt that classical physics is useful, it does possess a serious 
shortcoming: although physics claims to be a theory of matter, classical physics is com- 
pletely incapable of explaining the behavior of matter given its constituents and the forces 
between them.'® It cannot predict the existence of atoms, because it is not possible to 
construct a length scale using the constants of classical physics: the masses and charges 


'6 The probability p(E) is the product of pg(£) (1.12) and the factor D(E), the “energy-level density,” which in classical 
physics is obtained by integrating over phase space; see Footnote 21. The quantum calculation of the level density is 
described in Section 9.6.2. 

'7 Quite often a phenomenological law is nothing but the first term of a Taylor series. 

'8 This statement should be qualified slightly. There do exist good microscopic models in classical physics: for example, the 
kinetic theory of gases permits reliable calculation of the transport coefficients (viscosity, thermal conductivity) of a gas. 
However, neither the existence of the molecules making up the gas nor the value of the effective cross section needed in the 
calculation can be explained by classical physics. 
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of the nucleus and electrons.” It cannot explain why the Sun shines or why sodium 
vapor emits yellow light, and it has nothing to say about the chemical properties of the 
alkalines, about the fact that copper conducts electricity while sulfur is an insulator, and 
so on. When the classical physicist needs a property of a material such as an electrical 
resistance or a specific heat, he or she has no choice but to measure it experimentally. 
In contrast, quantum mechanics attempts to explain the behavior of matter starting from 
the constituents and forces. Naturally, it is not possible to make precise predictions based 
on first principles except for the simplest systems, like the hydrogen or helium atoms. 
The complexity of the calculations does not allow, for example, prediction of the crystal 
structure of silver based on the data for this atom, but given the crystal structure it can 
explain why silver is a conductor, which classical physics is incapable of doing. 

It should not be concluded from this discussion that classical physics can no longer 
be interesting and innovative. On the contrary, during the past twenty years classical 
physics has taken on new life with the development of new ideas about chaotic dynamical 
systems, instabilities, nonequilibrium phenomena, and so on. Moreover, such familiar 
problems as turbulence and friction remain poorly understood and extremely interesting. 
There simply exist problems that by their nature are not suitable for study using classical 
physics. 

Quantum physics aspires to explain the behavior of matter on the basis of its constituents 
and forces, but there is a price to pay: quantum objects display radically new behavior 
which defies our intuition developed from the behavior of classical objects. That said, 
quantum mechanics proves to be a remarkable tool which so far has always given correct 
results and is capable of coping with problems ranging from quark physics to cosmology 
and all scales in between. Without quantum mechanics, most of modern technology would 
never have seen the light of day. All of information technology is based on our quantum 
understanding of solids and, in particular, semiconductors. The miniaturization of electronic 
devices will make quantum mechanics more and more omnipresent in modern technology. 

The vast majority of physicists do not worry about the puzzling aspects of quantum 
mechanics, but simply use it as a tool without asking questions of principle. Nevertheless, 
the theoretical and, especially, experimental progress made over the past twenty years 
have led to a better grasp of certain aspects of the behavior of quantum objects. Although 
things are still far from clear, we shall see in Chapter 6 and Appendix B that we are 
certainly on the path to a more satisfactory understanding of quantum mechanics. Perhaps 
in a few years Feynman’s statement, “I think it can be stated today that no one understands 
quantum mechanics,” will become obsolete. Before discussing the recent developments, 
let us go back a few years to the beginning of quantum physics. 


'9 If we include the speed of light, we can construct a length scale, the classical electron radius 


2 
We 


r= 5 2.8107 m, 
47eéy mc 


but it is four orders of magnitude too small to be related to atomic dimensions. Another way of saying all this is to invoke 
the scale invariance of the classical equations; cf. Wichman [1967], Chapter 1. 
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1.3 A bit of history 
1.3.1 Black-body radiation 


A hot object such as a red-hot iron or the Sun emits electromagnetic radiation with a 
frequency spectrum that depends on temperature. The power emitted u(w, 7) per unit 
frequency w and unit area depends on the absolute temperature T of the object. Purely 
thermodynamical arguments can be made to show that if the object is perfectly absorbing, 
that is, if it is a black body, then u(@, T) is a universal function independent of the object 
at a given temperature. An excellent realization of a black body for visible light is a 
small opening in a cavity whose interior is painted black. A light ray which enters the 
cavity has practically no chance of getting out, because at each reflection there is a high 
probability of being absorbed by the inner wall of the cavity (Fig. 1.4). 

Let us suppose that the cavity is heated to a temperature T. The atoms of the inner 
wall emit and absorb electromagnetic radiation, and a system of standing waves in 
thermodynamical equilibrium is established in the cavity. If the cavity is a parallelepiped 
of sides L,, L,, and L, and we use periodic boundary conditions, the electric field will 
have the form Ey expli(k -7—t)], with the wave vector k perpendicular to E, and of 
the form 


> 2 2 2 
k= Pe. ai ey , (1.13) 
L i. 


x y 


where (n,, ny, n,) are positive or negative integers and w = c\k| = ck. It can be 


y? 
shown that each standing wave behaves like a harmonic oscillator?’ of frequency w 
with energy proportional to the squared amplitude E35. According to the Boltzmann 


law (1.12), the probability that this oscillator has energy E involves the factor 


Fig. 1.4. Cavity for black-body radiation. 


20 This will be explained in Section 11.3.3. 
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exp(—E/k,T) = exp(—BE). In fact, in this case the level density D(E) (cf. Footnote 16) 
is a constant,”! and the average energy of this oscillator is simply 


_ fdEEexp(—BE) a 


A= [dE exp(—BE) 3p" (J ae exp(—BE)) 
EE ene (1.14) 
ap pe : 


The average energy of each standing wave is kT. Since there are an infinite number of 
possible standing waves, the energy inside the cavity is infinite! 

The emitted power u(w, T) has a simple relation to the energy density €(w, T) per unit 
frequency in the cavity (Exercise 1.6.2): 


u(w, T) = Zea, P), (1.15) 
so that we need to compute €(@, T ), from which we obtain the energy density: 

eT) =| doe(w. T). (1.16) 
Thermodynamics gives the scaling law 

E(w, T) = w'@ (=). (1.17) 


but tells us nothing about the explicit form of the function ¢ except that it is independent 
of the shape of the cavity. Let us try to find it up to a multiplicative factor by means of 
dimensional analysis. A priori, €(@, 7) can only depend on @, c, the energy ky7, and 
a dimensionless constant A which cannot be fixed by dimensional analysis. The only 
possible solution is (Exercise 1.6.2) 


@ 


e(w, T) = Ac 3(kgT)o* = w° [Ac (=) ; (1.18) 


which has the form (1.17). We rediscover the fact that the energy density in the cavity is 
infinite: 
e(T)= [ dwe(w,T) = Ac*(kgT) [odo = +00. 
0 0 


The constant A can be calculated in statistical mechanics (Exercise 1.6.2), but this does 
not resolve the problem of the infinite energy, and the dimensional analysis strongly 
suggests that black-body radiation cannot be explained unless a new physical constant is 
introduced. 


21 The integration over phase space for a one-dimensional harmonic oscillator gives, for an arbitrary function f(E) (Exer- 
cise 1.6.2), 


[ axaps (e- ce mo?s?) f(E) = - f(E), 
2m 2 7) 


where x and p are the position and momentum, and 6 is a Dirac delta function. 
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Out of all the hypotheses that could lead to the unacceptable result of infinite energy, 
Planck chose the one on which the calculation (1.14) of the average oscillator energy 
is based.” Instead of allowing E to take all possible values between zero and infinity, 
he assumed that it can take only discrete values E,, which are integer multiples of the 
oscillator frequency w with proportionality coefficient h: 


E,=n(hw), n=0,1,2,... (1.19) 


The constant f is called Planck’s constant; more precisely, it is Planck’s constant h 
divided by 27: h = h/27.3 Planck’s constant is measured in joule seconds (J s), and it 
has dimensions ML27~! and numerical value 


hx 1.054x10 “Is or h¥6.63x10-*J s. 


According to the Boltzmann law, the normalized probability of observing an energy E,, is 


—1 


p(E,) =e Pr 3 e Pro | — exp(—Bnhw)[1 — exp(—Bho)]. (1.20) 


n=0 


In obtaining (1.20) we have used the fact that the summation over n is that of a geometrical 
series. Setting x = exp(—Bhw), we easily find the average oscillator energy (EF): 


(E) = (1—x) (uta = (1 Sih ars 
de a 


n=0 
ad: h h 
Sic Aa se (1.21) 
dxl—x 1l—x  exp(Bhw)-1 
This expression can be used to calculate the energy density (Exercise 1.6.2) 
h 3 
e(w, T) = —~ — (1.22) 


7c? exp(Bho) — 1 


and then u(w, 7), in perfect agreement with experiment for a suitably chosen value of 
h and with the result (1.17) of thermodynamics. We note that the classical approxima- 
tion (1.18) is valid if kT >> hw, that is, for low frequencies. 

The best-known example of black-body radiation is the relic 3 K background radia- 
tion filling the Universe, also called the cosmic microwave background (CMB).”* The 
frequency distribution of this radiation is in remarkable agreement with the Planck 


N 
is) 


In reality, Planck applied his arguments to a “resonator,” the nature of which remains obscure, and the present argument 
follows that of Einstein (1905). Dealing with electromagnetic field oscillations is simpler and more direct, but it does distort 
the historical truth. Our “historical” presentation, like that of many textbooks, is more reminiscent of a fairy tale (H. Kragh, 
Max Planck: the reluctant revolutionary, Physics World 13 (12), 31 (December 2000)) than actual history. Likewise, it 
does not appear that the physicists of the late nineteenth century were troubled by the infinite energy or the absence of a 
fundamental constant. 

We shall systematically use fh rather than h, and somewhat carelessly refer to A as Planck’s constant; the relation E = hw 
is of course the same as E = hv, where v is the ordinary frequency measured in hertz and w is the angular or rotational 
frequency measured in rad s~!: w = 2zrv. Since we nearly always use rather than v, we shall just refer to w as the 
frequency. 

A particularly good account of the Big Bang is given by S. Weinberg in, The First Three Minutes: A Modern View of the 
Origin of the Universe, New York: Basic Books (1977). 
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Fig. 1.5. The 3K black-body radiation. On the vertical axis is the radiation intensity in 
W m” sr! Hz"!. The remarkable agreement with Planck’s law for T = 2.73K is clearly seen. 
Taken from J. Rich, Fundamentals of Cosmology, New York: Springer (2001). 


law (1.22) for the temperature 2.73 K + 3K (Fig. 1.5), but this radiation is no longer in 
thermodynamical equilibrium. It was decoupled from matter about 380000 years after 
the Big Bang, that is, after the birth of the Universe. At the instant of decoupling the 
temperature was about 10*K. The subsequent expansion of the Universe has reduced 
this value to the present one of 3 K. Deviations from a fully isotropic black-body radi- 
ation, of the order of 10~*, arise from the motion of the Solar System with respect to 
the cosmic microwave background, owing to the Doppler effect. There are also angular 
dependent temperature fluctuations, ~10~°, which are much more interesting as they give 
us important information on the early history of the Universe. 


1.3.2 The photoelectric effect 


The integer n in (1.19) has a particularly important physical interpretation: the reason 
that the energy of a standing wave of frequency w is an integer multiple nhw of hw 
is that it corresponds to precisely n photons (or “particles of light”) of energy hw. It is 
this interpretation that led Einstein to introduce the concept of photon in order to explain 
the photoelectric effect. When a metal is illuminated by electromagnetic radiation, some 
electrons escape from it and there is a threshold effect that depends on the frequency 
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Fig. 1.6. The Millikan experiment. (a) Schematic view of the experiment. (b) |Vp| as a function of w. 


and not the intensity of the radiation. The Millikan experiment (Fig. 1.6) confirms the 
Einstein interpretation: the electrons emitted from the metal have kinetic energy EF, 


E, =hw—W, (1.23) 


where W is the work function. An electron of charge g, does not reach the cathode if 
\q.V| > E,,. If Vo is the potential at which the current vanishes, then 


h W 
wee: (1.24) 
lgel |e | 


The potential |V)| as a function of w has a constant slope h/|qg,|, and the value of h 
coincides with that for black-body radiation, thus confirming the Einstein hypothesis” 
that electromagnetic radiation is composed of photons.”° The fact that the value of h is 
the same as in the case of black-body radiation strongly suggests that one must introduce 
a new fundamental constant. 


1.4 Waves and particles: interference 
1.4.1 The de Broglie hypothesis 


From Eq. (1.19) for n = 1 we find E = hw, the Planck—Einstein relation between the 
energy and frequency of a photon. The photon possesses momentum 


5 Another rewriting of history! Some qualitative results on the photoelectric effect were obtained by Lenard in the early 1900s, 
but the precise measurements of Millikan were made 10 years after the Einstein hypothesis. Einstein seems to have been 
motivated not by the photoelectric effect, but by thermodynamic considerations. See G. Margaritondo, Physics World 14(4), 
17 (April 2001). 

26 The argument is not completely convincing, because the photoelectric effect can be explained within the framework of 
a semiclassical theory, where the electromagnetic field is not quantized and where there is no concept of photon; cf. 
Section 14.3.3. However, it is not possible to explain the photoelectric effect without introducing h. The fact that a 
photomultiplier whose operation is based on the photoelectric effect registers isolated counts can be attributed to the quantum 
nature of the device rather than the arrival of isolated photons. 
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but using w = ck and the fact that the momentum and wave vector point in the same 
direction we obtain the following vector relation between the latter: 


This equation can also be written as a relation (this time, scalar) between the momentum 
and wavelength A: 


(1.26) 


The de Broglie hypothesis is that the relations (1.25) and (1.26) are valid for all parti- 
cles. According to this hypothesis, a particle of momentum p possesses wave properties 
characterized by the de Broglie wavelength A = h/p. If vc we can use p = mv, while 
otherwise we use the general expression (1.7), except for m = 0, when p = E/c. If this 
hypothesis is correct, particles must have observable wave properties; in particular, they 
must undergo interference and diffraction. 


1.4.2 Diffraction and interference of cold neutrons 


Since the 1980s, modern experimental techniques have allowed interference and diffrac- 
tion of particles to be verified in experiments based on simple principles and admitting 
direct interpretation. Such experiments have been performed using photons, electrons, 
atoms, molecules, and neutrons. Here we have chosen, a bit arbitrarily, to discuss neutron 
experiments, as they are particularly elegant and clear. Neutron diffraction by crystals has 
been around for fifty years now and is a classic experiment (Exercise 1.6.4), but modern 
experiments are carried out using macroscopic devices with slits that can be viewed by 
the naked eye, rather than a crystal lattice with a spacing of a few angstroms. 

The experiments were performed in the 1980s by a group in Innsbruck using the 
research nuclear reactor of the Laue-Langevin Institute in Grenoble. Neutrons of mass 
m,, are produced in the fission of uranium-235 in the reactor core, and then channeled to 
the experiments. The order of magnitude of their kinetic energy is kzT, where T © 300K 
is the ambient temperature. Such neutrons are termed thermal and have kinetic energy 
~kp,T © 1/40eV for T = 300K. The momentum p = ,/2m,k,T corresponds to a speed 
v= p/m,, of about 1000 m s~', and according to (1.26) the associated wavelength 
Ap IS h//2m,kpT © 1.8 A. The wavelength is increased when the neutrons are made 
to pass through a low-temperature material. For example, if the temperature of the 
material is 1 K, the wavelength will increase to A = A,, 300 © 31 A. Such neutrons are 
termed “cold.” In the experiments of the Innsbruck group, the neutrons were cooled to 
25 K using liquid deuterium.”’ This produced neutrons with an average wavelength of 
about 20 A. 


°7 Deuterium was chosen over hydrogen, as the latter inconveniently absorbs neutrons in the reaction n+ p > 7H+ y (see 
Exercise 14.6.8). This is why in a nuclear reactor heavy water is a better moderator than ordinary water. 
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Fig. 1.7. Experimental setup for neutron diffraction and interference: S, and S, are collimating 
slits, S; is the entrance slit, S, is the object slit, and S; is the slit at the location of the counter C. 
From A. Zeilinger et al., Rev. Mod. Phys. 60, 1067 (1988). 


The experimental setup is shown schematically in Fig. 1.7. The neutrons are detected by 
means of BF; counters, in which the boron absorbs neutrons in the reaction 
"B+n—> ’Li+*He 


with an efficiency of nearly 100%. The counter is placed behind the screen at S;, and 
counts the number of neutrons arriving in the neighborhood of S;. 

In the diffraction experiment the slit S, has a width of a = 93m, which leads to a 
diffraction maximum of angular size 


~2x 10> rad. 


Q|> 


On the screen located D=5m from the slit the linear size of the diffraction peak is 
of order 100m. It is possible to calculate the diffraction pattern precisely, taking into 
account, for example, the spread of wavelengths about the average value of 20 A. The 
theoretical result is in excellent agreement with experiment (Fig. 1.8). 
In the interference experiment, two 21- ym slits have their centers separated by a 
distance d = 125m. The separation between fringes on the screen is 
AD 


= — = 80pm. 
i 7 pm 


The slits are visible with the naked eye, and the interference pattern is macroscopic. Again, 
the theoretical calculation taking into account the various parameters of the experiment 
is in excellent agreement with the experimental interference pattern (Fig. 1.9). 
However, there is a crucial difference from an experiment on optical interference: the 
interference pattern is made up of impacts of isolated neutrons and it is reconstructed 
afterwards, when the experiment is completed. Actually, the counter is moved along the 
screen (or an array of identical counters covers the screen), and the neutrons arriving 
in the neighborhood of each point of the screen are recorded during identical time 
intervals. Let N(x)Ax be the number of neutrons detected per second in the interval 
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Position of the slit S5 


Fig. 1.8. Neutron diffraction by a slit. The full line is the theoretical prediction. From A. Zeilinger 
et al., Rev. Mod. Phys. 60, 1067 (1988). 


Position of the slit S; 


Fig. 1.9. Young’s slit experiment using neutrons. The full line is the theoretical prediction. From 
A. Zeilinger et al., Rev. Mod. Phys. 60, 1067 (1988). 


[x — Ax/2, x + Ax/2], where x is the abscissa of a point on the screen. The intensity 
J(x) can be defined as being equal to M(x), and the number of neutrons arriving in 
the neighborhood of a point of the screen is proportional to the intensity J(x) of the 
interference pattern, with statistical fluctuations of order /N about the average value. 
The isolated impacts are illustrated in Fig. 1.10 for an experiment performed using not 
neutrons, but cold atoms (see Section 14.4) which were allowed to fall through Young 
slits. The impacts of the atoms that hit the screen were recorded, giving the pattern in 
Fig. 1.10. 
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Fig. 1.10. Interference using cold atoms. From Basdevant and Dalibard [2002]. 
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1.4.3 Interpretation of the experiments 


In addition to cold neutrons and atoms, other types of particle have been used in diffraction 
and interference experiments: 


e photons, with the light intensity reduced such that the photons arrive at the screen one by one. 
Nevertheless, an experiment performed under these conditions is not entirely convincing, because 
it can be explained semiclassically taking into account the quantum nature of the detector; see 
Footnote 26. However, it is now known how to construct sources that provide truly isolated 


photons, and experiments using such photons unarguably demonstrate interference produced by 


one photon at a time’® 


e electrons 
e light molecules (Na,) 
e fullerenes C¢y (Exercise 1.6.1). 


There is every reason to assume that the results are universal, independent of the type 
of particle — atoms, molecules, virus particles, etc.*? However, a difficulty of principle 
seems to arise in interpreting these experimental results. In a classical Young’s slit 
interference experiment realized using waves, the incident wave is split into two waves 
which recombine and interfere, a phenomenon which is visible to the naked eye in, for 
example, the case of waves on the surface of water. In the case of neutrons, each neutron 
arrives separately, and the interval between the arrivals of two successive neutrons is 
such that when a neutron is detected on the screen, the next one is still in the reactor 
confined inside a uranium atom. Can we imagine that a neutron is split in two, with 
each half passing through a slit? It is easy to convince ourselves that this hypothesis is 
absurd: a counter always detects an entire neutron, never a fraction of one. The same 
situation occurs if a semi-transparent mirror is used to split a light wave of intensity 


°8 A. Aspect, P. Grangier, and G. Roger, Dualité onde—corpuscule pour un photon unique, J. Optics (Paris) 20, 119 (1989). 

2° However, wave effects become more and more difficult to observe for larger particles, in practice because the wavelength 
becomes shorter and shorter, and more fundamentally because decoherence effects (Section 15.4.5) become more and more 
important as an object becomes larger. See M. Arndt, K. Hornberger, and A. Zeilinger, Probing the limits of quantum worlds, 
Physics World 18 (3), 35 (2005). 
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Fig. 1.11. Beam-splitting plate and photon counting by photodetectors D, and D,. 


reduced enough to permit the detection of individual photons. The photodetectors D, and 
D, always detect an entire photon, never a fraction of one (Fig. 1.11). The photon, like 
the neutron, is indivisible, at least in a vacuum (though by interaction with a nonlinear 
medium a photon can be split into two of lower energy; see Section 6.3.2). 

We therefore must assume that a quantum particle possesses wave and particle proper- 
ties simultaneously. It is an entirely new and strange object, at least to our intuition based 
on experience with macroscopic objects. As Lévy-Leblond and Balibar, paraphrasing 
Feynman, have written, “quantum objects are completely crazy.” However, they add “at 
least they are all crazy in the same way.” Photons, electrons, neutrons, atoms, molecules — 
all behave the same way, like waves and particles at the same time. In order to emphasize 
this unity of quantum behavior, some authors have proposed the term “‘quanton” to refer 
to such an object. Here we shall continue to use “quantum particle” or simply “particle,” 
because the particles we shall consider in this book generally display quantum behavior. 
We will specify “classical particle” when we need to refer to particles that behave like 
little billiard balls. 

If the neutron is indivisible, is it possible to know which slit it has passed through? If 
one slit is closed, we observe on the screen the diffraction pattern corresponding to the 
other slit and vice versa. If the experimental situation is such that it is possible to tell 
which slit the neutron has passed through, then we observe on the screen the superposition 
of the intensities of the diffraction patterns of each slit: the neutrons can effectively be 
divided into two groups, those that passed through the upper slit and for which the lower 
slit could have been closed without changing the result, and those that passed through 
the lower slit. We observe an interference pattern only if the experimental apparatus is 
such that we cannot know, even in principle, which slit a neutron has passed through. 
Summarizing: 


(i) If the experimental apparatus does not permit knowledge of which slit a neutron passed through, 
an interference pattern is observed. 

(ii) If the apparatus permits us in principle to determine which of the two slits a neutron passed 
through, the interference will be destroyed independently of whether we actually bother to 
determine which slit it was. 
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A fundamental point to note is that we cannot know a priori at which point of the screen 
a given neutron will arrive. We can only state that the probability of arriving at the screen 
is large at a point of an interference maximum and small at a point of an interference 
minimum. More precisely, the probability of arriving at an abscissa x is proportional to 
the intensity J(x) of the interference pattern at this point. Likewise, in the experiment 
of Fig. 1.11 each photomultiplier has a probability of 1/2 of being triggered by a given 
photon, but it is impossible to know in advance which of the two detectors will be 
triggered. 

Let us try to make the preceding discussion quantitative. First of all, by analogy with 
waves, we shall introduce a complex function of x, a,(x) [a,(x)], associated with the 
passage through the upper slit [lower slit] of a neutron that reaches a point x on the 
screen. For reasons to be explained below, this function will be called the probability 
amplitude. The squared modulus of the probability amplitude gives the intensity: if slit 
2 is closed J,(x) = |a,(x)|*, and, conversely, if slit 1 is closed J,(x) = |a,(x)|?. In case 
(i) above we add the amplitudes before calculating the intensity: 


I(x) Jay (x) + a,(x)’, (1.27) 
while in case (ii) we add the intensities 
F(x) & Jay (x)|? + Jag (x)|? = J, (x) + F(x). (1.28) 


As above, the intensity can be defined as the number of neutrons arriving per second 
per unit length of the screen. To take into account the probabilistic nature of the neutron 
point of impact, the amplitudes a, and a, will not be wave amplitudes measuring the 
amplitude of a vibration, but probability amplitudes, with the squared modulus being the 
probability of arriving at a point x on the screen. The concept of probability amplitude 
in quantum physics will be developed and given mathematical status in Chapter 3. 

A more general statement of (1.27) and (1.28) is the following. Let us suppose that 
starting from an initial state i we arrive at a final state f. To find the probability p,, ; 
of observing the final state f, we must add all the amplitudes that lead to the result f 
starting from 7: 


(1) (2) (n) 
Gi. = 4, of VE FO Fs 


and then pj, ¢ = la; ,l’. It should be understood that the states i and f are specified 
uniquely by the parameters that define the initial and final states of the full ensemble of 
the experimental apparatus. If, for example, we desire information about the passage of 
a neutron through a given slit, we can obtain it by integrating the Young’s slits into a 
larger apparatus. Then the final state of this larger apparatus, which will be a function of 
other parameters in addition to the neutron point of impact, is capable of informing us 
whether the neutron has passed through the given slit. Just what is the final state of this 
larger apparatus will depend on which slit the neutron passed through. 

In summary, we must sum the amplitudes for identical final states and the probabilities 
for different final states, even if these final states differ only by physical parameters other 
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than those of interest. It is sufficient that these other parameters be accessible in principle, 
even if they are not actually observed, for us to consider the final states as being different. 
We shall illustrate this point by a concrete example in the following paragraph. Another 
way of saying this which is easier to visualize is the following: identical final states 
are associated with indistinguishable paths, and it is necessary to sum the amplitudes 
corresponding to all indistinguishable paths. 


1.4.4 Heisenberg inequalities I 


Let us return to the neutron diffraction experiment in order to extract from it a fundamental 
relation called the Heisenberg inequality, or, more commonly but ambiguously, the 
Heisenberg uncertainty principle. If the slit width is a and if we orient the x axis along 
the slit, perpendicular to the direction through the slit, the neutron position relative to 
this axis immediately on leaving the slit is known to within Ax = a. Because the angular 
width of the diffraction maximum is ~A/Ax, the x component of the neutron momentum 
is Ap, © (A/Ax)p = hAp,, where p is the neutron momentum (we assume that p > Ap,). 
We then obtain the relation 


Ap, Ax ~h. (1.29) 


In Chapter 9 we shall discuss a more accurate version of Eq. (1.29) involving the standard 
deviations, which we shall call simply the dispersions, of momentum and position Ap; 
and Ax; for identical values of i = x, y, z: 


1 
Ap; Ax; = 5 h. (1.30) 


There are no inequalities relating different components of momentum and position, for 
example Ap, and Ay. When interpreting a diffraction experiment it is often said that 
the passage of a neutron through a slit of width Ax allows the neutron’s x coordinate 
to be measured with a precision Ax, and that this measurement perturbs the neutron’s 
momentum by an amount Ap, ~ h/Ax. We shall see in Section 4.2.4 that the inequali- 
ties (1.30) in fact have nothing to do with the experimental measurement of position or 
momentum, but instead arise from the mathematical description of a quantum particle as 
a wave packet, and we shall also elaborate on the precise meaning of these relations. 
We are now going to use (1.29) to discuss the question of observing trajectories in a 
neutron interference experiment. Einstein proposed the apparatus of Fig. 1.12 for deter- 
mining the neutron trajectory, i.e., for determining whether the neutron passes through 
the upper or the lower slit. When the neutron passes through the first slit Sy, owing to 
momentum conservation it transfers a downward momentum to the screen E, if it passes 
through the upper slit S, and an upward momentum to the screen if it passes through the 
lower slit S,. It is then possible to determine which slit the neutron has passed through. 
Bohr’s response was the following. If the screen E, receives a momentum 6p, which 
can be measured, this means that the initial momentum Ap, of the screen was much 
less than 5p,, and the initial position is determined with an uncertainty at least of order 
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Fig. 1.12. The Bohr—Einstein controversy. Slits $, and S$, are Young’s slits. Slit Sp is located in a 
screen which can move vertically. 


h/Ap,.. Such an inaccuracy in the position of the source is sufficient to make the inter- 
ference pattern disappear (Exercise 1.6.3). All the various types of apparatus that can be 
imagined for determining the neutron trajectory are either efficient, in which case there is 
no interference pattern, or inefficient, in which case there is an interference pattern, but 
the slit through which the neutron has passed cannot be known. The interference pattern 
becomes more and more fuzzy as the apparatus becomes more and more efficient. 

The above discussion is completely correct, but one should not conclude that it is the 
perturbation of the neutron trajectory on hitting the first screen that spoils the interference 
pattern.*” The crucial point is the possibility of tagging the trajectory. It is possible to 
imagine and even experimentally construct an apparatus that tags trajectories without dis- 
turbing the observed degrees of freedom at all, and yet this tagging is sufficient to destroy 
the interference pattern. Let us briefly describe an apparatus which has not yet been 
realized experimentally, but may become feasible when technology has evolved further. 
Other types of apparatus that tag trajectories without perturbing them have been effectively 
realized and are discussed in Exercise 3.3.9, Section 6.3.2, and Appendix B. However, 
the principle governing such devices is based on ideas which we have not yet introduced, 
and so for now we shall return to the familiar example of Young’s slits. The proposed 


3° The same remark applies to the apparatus imagined by Feynman for a Young’s slit experiment using electrons (Feynman 
et al. [1965], Vol. III, Chapter 1). A photon source placed behind the slits makes it possible in theory to observe the electron 
passage. When short-wavelength photons are used the electron—photon collisions permit the two slits to be distinguished, 
but the collisions perturb the trajectories enough to spoil the interference pattern. If the photon wavelength is increased, 
the impacts are less violent, but the resolving power of the photons decreases. The interference fringes reappear when the 
resolution becomes such that it is no longer possible to distinguish between the slits. 
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apparatus uses atoms,! so that it is possible to play with their internal degrees of freedom 
without affecting the trajectory of their center of mass. Before passing through the slits, the 
atoms are raised to an excited state by a laser beam (Fig. 1.13). Behind each slit is a super- 
conducting microwave cavity, described in more detail in Section 6.4.1 and Appendix B. 
In passing through the cavity the atom returns to its ground state and with nearly 100% 
probability emits a photon which remains confined in the cavity. The presence of a photon 
in one or the other cavity allows the atom’s trajectory to be tagged, which destroys the 
interference pattern. The perturbation to the trajectory of the atom’s center of mass is 
completely negligible: there is practically no momentum transfer between the photon and 
the atom. However, the two final states — the atom arriving at abscissa x on the screen 
and a photon in cavity 1, and the atom arriving at x on the screen and a photon in cavity 
2 — are different. It is therefore necessary to take the squared modulus of each of the cor- 
responding amplitudes and add the probabilities. We note that it is not necessary to detect 
the photon, a requirement which moreover would introduce an additional experimental 
complication. It is sufficient to know that the atom has emitted a photon in a quasi-certain 
way in its passage through the cavity. As we have already emphasized, it is not at all 
necessary that the final state is effectively observed, it is only necessary that it can be 
observed in principle, even if the present or future state of technology does not permit such 
observation. In the terminology to be defined in Chapters 6 and 15, we can say that inter- 
ference is destroyed if “which path” information is encoded in the environment. We shall 
return to this subject in Appendix B.1, where we will discuss it in a mathematical context. 
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Fig. 1.13. Tagging of trajectories in Young’s slit experiments. Taken from B. Englert, M. Scully, and 
H. Walther, Origin of quantum mechanical complementarity probed by a “which way” experiment 
in an atom interferometer. Nature 351, 111 (1991). 


3! This has been imagined by B. Englert, M. Scully, and H. Walther, Quantum optical tests of complementarity, Nature 351, 
111 (1991), and they present a popularized description of it in Scientific American 271, 86 (December 1994). The atoms 
are assumed to be in Rydberg states (cf. Exercise 14.5.4). A related experiment based on the same principle but with a 
more complicated realization has been performed by S. Diirr, T. Nonn, and G. Rempe, Origin of quantum mechanical 
complementarity probed by a “which way” experiment in an atom interferometer, Nature 395, 33 (1998). See also P. Bertet 
etal., A complementarity experiment with an interferometer at the quantum-—classical boundary, Nature 411, 166-170 (2001). 
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1.5 Energy levels 


The goal of this section is to define the concept of energy level, first on the basis of the 
classical notion. Taking as an example the Bohr atom, we can then proceed in a simple way 
to the quantum notion, after which we shall examine radiative transitions between levels. 


1.5.1 Energy levels in classical mechanics and classical models of the atom 


Let us imagine a classical particle which we take, for the sake of simplicity, to be moving 
along the x axis and which has potential energy U(x). In quantum mechanics, U(x) is 
referred to in general as the potential. It is well known that the mechanical energy E, 
the sum of the kinetic energy K and the potential energy U, is constant: E = K+U = 
const. Let us assume that the potential energy has the form shown in Fig. 1.14, that 
of a “potential well” which tends to the same constant value for x — -+too. It will be 
convenient to fix the zero of the energy such that E = 0 for a particle of kinetic energy 
that vanishes at infinity. 
There are two possible situations. 


(i) The particle has energy E > 0. Then if, for example, it leaves from x = —oo, it is first accelerated 
and then decelerated in passing through the potential well, and at x = +00 it reaches a final 
velocity equal to the initial one. Such a particle is said to be in a scattering state. 

(ii) The particle has negative energy U) < E <0. Then the particle cannot escape from the well, 
but travels back and forth inside it between the points x, and x, satisfying E = U(x, 5). It is 
confined inside a finite region of the x axis, x, < x < x, and is said to be in a bound state. 


When the potential energy is positive (Fig. 1.15) we have the case of a “potential 
barrier.”*” In this case E > 0 and only scattering states are observed. If E < Up, a particle 
leaving from x = —oo is at first decelerated, and when it arrives at the point x, satisfying 
U(x,) = E it is reflected by the potential barrier. If E > U,) the particle passes over the 
potential barrier and reaches x = +00 with its initial velocity. 


Fig. 1.14. A potential well. 


3? Naturally, situations more complex than the ones in these figures can be imagined, for example a double well. Here we shall 
discuss only the simplest cases. 
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Fig. 1.15. A potential barrier. 


In classical mechanics the energy of a bound state can take all possible values between 
U, and 0. In quantum mechanics, we shall see in Chapter 9 that it can take only discrete 
values. On the other hand, as in classical mechanics, the energy of a scattering state is 
arbitrary. However, there are still notable differences (Sections 9.3 and 9.4) from the 
case of classical mechanics. For example, the particle can pass over a potential barrier 
even if E < U). This is called “tunneling.” Moreover, the particle can be reflected even 
if E> Up. 

Let us apply these ideas from classical mechanics to atoms. The first atomic model was 
proposed by Thomson (Fig. 1.16a). Here the atom is represented as a sphere of uniform 
positive charge, with electrons moving around inside this charge distribution. It is a result 
of elementary electrostatics that the electrons here experience a harmonic potential, and 
their ground (stable) energy level is the state in which they are at rest at the bottom of 
the potential well. Excited states correspond to vibrations about the equilibrium position. 
This model was ruled out by the experiments of Geiger and Marsden, who showed that 
a-particle (*He nucleus) scattering by atoms is incompatible with it.*> Rutherford deduced 
from his experiments the existence of an atomic nucleus of size less than 10 F, and 
proposed a planetary model of the atom (Fig. 1.16b): the electrons orbit the nucleus like 
the planets orbit the Sun, with the Coulomb interaction playing the role of gravitational 
attraction. This model possesses two major, related shortcomings: there is no scale which 
fixes the atomic size, and the atom is unstable, because the orbiting electrons radiate 
and end up falling onto the nucleus. In this process a continuous frequency spectrum 
is emitted, whereas experiments performed in the late nineteenth century showed that 
(Fig. 1.17) 


e the frequencies of radiation emitted or absorbed by an atom are discrete. They are expressed as 
a function of two integers n and m and can be written as differences, w,,,, = A, —A 
e there exists a ground-state configuration of the atom in which it does not radiate. 


nam m? 


33 Though atomic physicists still often make use of it ... 
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Fig. 1.16. Models of the atom. (a) Thomson: the electrons are located inside a uniform distribution 
of positive charge. (b) Rutherford: the electrons orbit a nucleus. 
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Fig. 1.17. Emission and absorption of radiation between two levels E,, and E,,,. 


These results suggest that the atom emits or absorbs a photon in passing from one level 
to another, with the photon frequency w,,,,, given by (E,, > E,,,) 


AO am = Ei, v Ee pes (131) 


The frequencies w,,,, are called the Bohr frequencies. According to these arguments, only 
certain levels labeled by a discrete index can exist. This is referred to as the quantization 
of energy levels. 


1.5.2 The Bohr atom 


In order to explain this quantization, Bohr imposed an ad hoc quantization rule on classical 
mechanics and the Rutherford atom. We shall follow an argument slightly different from 
his original one. Taking for simplicity the hydrogen atom with an electron of mass m, 
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and charge q, in a circular orbit of radius a, we postulate that the circumference 27a of 
the orbit must be an integer multiple of the de Broglie wavelength A: 

27a=ndA, n=1,2,... (1.32) 


This postulate is intuitive; it means that the phase of the de Broglie wave of the electron 
returns to its initial value after one complete orbit and a standing wave is formed. From 
(1.32) and (1.26) we deduce 


nh 
27a =n- =—. 
m.vU 
According to Newton’s law, 
2 2 2 2 
M,U q e : e 
— = => from which v* = —, 
a 4TrEya a m.a 


where we have defined the quantity e? = q2/47r€,). Eliminating the speed v between the 
two equations, we obtain the orbital radius: 


nh 


me? 


(1.33) 


The case n = | corresponds to the orbit of smallest radius, and this radius, denoted do, is 
called the Bohr radius: 


(1.34) 
The energy level labeled by n is 
, LB e m,e! R,, 
=-—-mM SSS SS — 
2 * a 2a one ie n 
The energy levels E,, are expressed as a function of the Rydberg constant R,,,*4 
(1.35) 
as 
(1.36) 


This formula gives the level spectrum of the hydrogen atom. The ground state corresponds 
to n = | and the ionization energy of the hydrogen atom is R,,. The photons emitted by 
the hydrogen atom have frequencies 


1 1 
RO im = —Ro (a-s) "> m, (1.37) 


nz om 


34 The subscript oo is used because the theory described here assumes that the proton is infinitely heavy. When the finite 
mass m, of the proton is taken into account, R,, is changed to R,[1/( +m,/m,)]; cf. Exercise 1.6.5. 


1.5 Energy levels 31 


in perfect agreement with the spectroscopic data for hydrogen. However, the simplicity 
with which the spectrum of the hydrogen atom can be calculated using the Bohr theory 
should not be allowed to mask the artificial nature of this theory. 

Sommerfeld’s generalization of the Bohr theory consists of the postulate 


| pidq.=nh, (1.38) 


where q; and p; are coordinates and momenta conjugate in the sense of classical mechanics 
and n is an integer >1. However, we now know that the conditions (1.38) are valid 
only for certain very special systems and for large n, with some exceptions. The Bohr— 
Sommerfeld theory cannot describe atoms with many electrons, or scattering states. 
The success of the Bohr theory in the case of the hydrogen atom is only a happy 
accident. 


1.5.3 Orders of magnitude in atomic physics 


Metre/Kilogram/Second units, which are adapted to measuring things at the human 
scale, are not convenient in atomic physics. A priori, a convenient system of units 
should feature the fundamental constants h and c, as well as the electron mass m,. 
The proton can be considered infinitely heavy, or, more precisely, the electron mass 
can be replaced by the reduced mass (cf. Footnote 34). Let us recall the values of 
these constants with an accuracy of ~10~3 sufficient for the numerical applications in 
this book: 


h=1.054x10-*J s, 


c=3x108ms'!, 


m, = 0.911 x 107° kg. 


From these constants we can form the following natural units: 


h 
e The unit of length:?> —— = 3.86 x 107'> m; 
m.Cc 


e 


= 1.29x 1077!s; 


e The unit of time: = 
me) 


e 


e The unit of energy: mc? = 5.11 x 10° eV. 
These units are much closer than MKS units to the orders of magnitude characteristic 


of atomic physics, though a few orders of magnitude are still lacking. This is fixed by 
introducing a quantity which measures the strength of the electromagnetic force, the 


35 Called the Compton wavelength of the electron. 
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coupling constant e* = q?/47r€,). From h, c, and e* we can form a dimensionless quantity 
called the fine-structure constant a:*° 


e qe 1 


mr gvisdenrs =: Be Loe 
% Re 4meghc 137 Gee) 


The relations between atomic units and natural units are now easy to find. For the Bohr 
radius, the natural unit of length in atomic physics, we obtain 


dy = = — — =— — £053 A. (1.40) 


The Rydberg, the natural unit of energy in atomic physics, is related to m,c” as 


ee ee 2: eee ee ee 
Ro = 5 eae (=) mec = 5 amc ~ 13.6 eV. (1.41) 
The speed of the electron in the ground state is v = ac = e”/h, and the period of this 
orbit, which is the atomic unit of time, is 
2 (i Ss | 2 h 
et ee ee eats. (1.42) 


v am.cac a m,c? 


Equations (1.40)-(1.42) show that the natural units and atomic units are related by 
powers of a. 

As a final example, let us estimate the average lifetime of an electron in an excited 
state. We shall use a classical picture, viewing the electron as traveling in an orbit of 
radius a.*’ We shall push this picture until it breaks down, and then we shall attempt 
to correct it by taking into account quantum considerations; this is called semiclassical 
reasoning. A calculation in classical electromagnetism shows that an electron in a circular 
orbit which moves with speed v = wa « c radiates a power 


2 95 4.2 e\ aha 3, (aw? 


In a purely classical picture, the electron will lose energy in a continuous fashion by 
emitting electromagnetic radiation. This is where an admittedly ad hoc quantum argument 


36 This terminology arose for historical reasons and is somewhat confusing; it would be better to say “atomic constant” @. This 
is the coupling constant of electrodynamics, although it is not really constant owing to subtleties of quantum field theory. 
The quantum fluctuations of the electron—positron field have the effect of screening electric charges: owing to (virtual) 
electron—positron pair production, the charge of a particle measured far from the particle is smaller than the charge measured 
close to it. Owing to the Heisenberg inequality (1.30), short distance implies large momentum and therefore high energy, i.e., 
particles of high energy must be used to explore short distances. It can therefore be concluded that the fine-structure constant 
is an increasing function of energy, and in fact at energies of the order of the Z° boson rest energy, mzc? * 90GeV, we 
have a © 1/129 instead of the low-energy value a © 1/137. The renormalization procedure of eliminating infinities allows 
us to choose an arbitrary energy (or distance) scale for defining a. In sum, a@ depends on the energy scale characteristic of 
the process under study, and also on details of the renormalization procedure (cf. Footnote 13). This energy dependence of 
a has been observed for several years now in precision experiments in high-energy physics. See also Exercise 14.6.3. 

One can also view an atom as a dipole oscillating with frequency w, as in the Thomson model. The only difference is that 
the factor of 2/3 in (1.43) becomes 1/3, which has no effect on the orders of magnitude. 
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enters: the atom emits a photon when it has accumulated an energy ~hw, which takes a 
time T corresponding to the lifetime of the excited state: 
1 FP aw \2 
~~ = ~aw(=) . (1.44) 
T how c 
However, we have seen that aw/c = v/c ~ a, and the relation between the period T and 
the average lifetime 7 is 
T 


1 
—~~—~a?~ 10°. (1.45) 
T TW 


The electron orbits about a million times before emitting a photon, and so an excited state 
is well defined. For the ground state of the hydrogen atom where the energy is ~10eV 
we have seen that T ~ 107!°s, while for an outer-shell electron of an alkaline atom with 
energy ~leV we have instead T ~ 10~' s and the order of magnitude of the lifetime 
of an excited state is ~10~-’—10~° s. For example, the first excited state of rubidium (D, 
line) has an average lifetime of 2.7 x 10~*s. 

The reasoning we have followed in this section has the merit of simplicity, but it is 
not satisfying. We had to impose a somewhat ad hoc quantum constraint on the classical 
arguments when they became untenable, and the reader can justly fail to be convinced by 
this sort of reasoning. It is therefore necessary to develop an entirely new theory which 
is no longer guided by classical physics, but instead develops in an autonomous fashion, 
without reference to classical physics. 


1.6 Exercises 
1.6.1 Orders of magnitude 


1. We would like to explore distances at the atomic scale, that is, 1 A, using photons, neutrons, or 
electrons. What should the order of magnitude of the energy of these particles be in eV? 

2. When the wavelength A of a sound wave is large compared with the lattice spacing of the 
crystal in which the vibration propagates, the frequency w of the wave is linear in the wave 
vector k = 277/A: w =c,k, where c, is the speed of sound (cf. Section 11.3.1). In the case of 
steel c. ~ 5 x 107m s~!. What is the energy hw of a sound wave for k = 1nm~!? The particle 
analogous to the photon in the case of sound waves is called the phonon (see Section 11.3.1), 
and hw is the phonon energy. Using the fact that a phonon can be created in an inelastic collision 
with a crystal, should neutrons or photons be used to study phonons? 

3. In an interference experiment using fullerenes Cg), which are at present the largest objects for 
which wave behavior has been verified experimentally,*® the average speed of the molecules is 
about 220 m s~!. What is their de Broglie wavelength? How does it compare with the size of 
the molecule? 

4. A diatomic molecule is composed of two atoms of masses M, and M, and has the form of a 
dumb-bell. The two nuclei are located a distance r) = bay apart, where dy is the Bohr radius (1.34) 


38 M. Arndt, O. Nairz, J. Vos-Andreae, C. Keller, G. van der Zouw, and A. Zeilinger, Wave—particle duality of Cg molecules, 


Nature 401, 680 (1999). For more recent results see M. Arndt, K. Hornberger, and A. Zeilinger, Physics World 18(3), 35 
(2005). 
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and b is a numerical coefficient ~1. It is assumed that the molecule rotates about its center of 
inertia, through which passes the axis perpendicular to the line joining the nuclei, referred to as 
the nuclear axis. Show that the moment of inertia is ] = wrj, where uw = M,M,/(M, +M)) is 
the reduced mass. If we assume that the angular momentum is h, what is the angular speed of 
rotation and the corresponding energy €&,,,? Show that this energy is proportional to (m,/w)R,., 
where m, is the electron mass and R,, = m,e*/(2h7) = e?/(2ap). 


. The molecule can also vibrate along the nuclear axis about the equilibrium position r = rp, where 


the restoring force has the form —K(r— ry), with Kr = dR,, and d a numerical coefficient ~1. 
What are the vibrational frequency w, and the corresponding energy hw,,? Show that this energy 
is proportional to Vm, / pb R,,. An example is the H*Cl molecule, for which the experimental 
values are ry = 1.27A, &,,; 
of b and d. What will the wavelengths of photons of energy ¢,,, and hw, be? In which regions 
do these wavelengths lie? 


= 1.3 x 10-7 eV, and hw, = 0.36eV. Calculate the numerical values 


. The absence of a quantum theory of gravity makes it necessary to restrict all theories to energies 


lower than Ep, the Planck energy. Use a dimensional argument to construct Ep as a function 
of the gravitational constant G (Eq. (1.5)), h, and c and find its numerical value. What is the 
corresponding wavelength (or Planck length) /p? 


1.6.2 The black body 


. Prove the following equation (Footnote 21): 


2 


i dxdp6 (z- ae mo*s?) f(E)= a f(E). 
2m 2 0) 


. We want to relate the energy density per unit frequency €(w, 7) to the emitted power u(w, T), 


Eg. (1.15). We consider a cavity maintained at temperature T (Fig. 1.4). Let €(k, T)d°k be the 
energy density in a volume d°k about k, which depends only on k = |k|. Show that 


ek, T) = 


Cc 
ink €(@, T). 


The Poynting vector of a wave with wave vector k escaping from the cavity is cé(k, T)k. Show 
that the flux of the Poynting vector through an opening of area S is 


| fose) 
P= —- 08 | E(w, T)dw 
4 0 


and derive (1.15). 


. Show by dimensional analysis that in classical physics the energy density of a black body is 


given by 
e(T) = A(kp rye | wo da, 
0 


where A is a numerical coefficient. 


. Each mode k of the electromagnetic field inside the cavity is a harmonic oscillator. In classical 


statistical mechanics the energy of such a mode is 2k,T (where does the factor of 2 come 
from?). Show that the energy density inside the cavity is 


1 0° 
€(T) = (kT) i w? de 
7 0 


and compute A. 
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5. Demonstrate (1.22) and show that the classical expression is recovered for hw < kgT, that is, 
for a sufficiently high temperature with w fixed. This is a very general result: the classical 
approximation is valid at high temperature. 


1.6.3 Heisenberg inequalities 


In the thought experiment of Fig. 1.12, show that the momentum 6p, transferred to the 
screen must be pa/(2D), where a is the spacing between the slits S$; and S, (Fig. 1.12) 
and p is the neutron momentum. Determination of the trajectory implies that Ap, < dp,, 
where Ap, is the spread in the initial momentum of the screen. What is the dispersion 
Ax at the location of 5)? Show that in this case the interference pattern is destroyed.°? 


1.6.4 Neutron diffraction by a crystal 


Neutron diffraction is one of the principal techniques used to analyze crystal structure. 
For simplicity, let us consider a two-dimensional crystal composed of identical atoms 
with wave vectors lying in the plane of the crystal.*? The atoms of the crystal are located 
at the lattice sites (Fig. 1.18) 


7,=nax+mbj, n=0,1,...,.N—-1, m=0,1,...,M—1. 


The neutrons interact with the atomic nuclei via the nuclear interaction.*! We use (0) 
to denote the probability amplitude that a neutron of momentum hk is scattered in the 
direction k’ by an atom located at the origin, where @ is the angle between k and k’. Since 


Fig. 1.18. Neutron diffraction by a crystal. The incident neutron has momentum hk and the scattered 
neutron hk’. The Bragg angle 6, is defined in question 4. 


39 See W. Wootters and W. Zurek, Complementarity in the double slit experiment: quantum nonseparability and a quantitative 
statement of Bohr’s principle, Phys. Rev. D19, 473-484 (1979). 

49 One can also imagine 3D scattering by a 2D crystal; cf. Wichman [1974], Chapter 5, where a model for diffraction by the 
surface of a crystal is presented. 

41 There is also an interaction between the neutron magnetic moment and the atomic magnetism. It plays a very important role 
in studies of magnetism, but is not relevant to the present discussion. 
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the neutron energy is very low, ~ 0.01eV, (0) is independent of @ (Section 12.2.4): 
f(@) = f. The collision between a neutron and an atomic nucleus is elastic and leaves 
the state of the crystal unchanged: it is impossible to know which atom has scattered the 
neutron. 


1. Show that the amplitude for scattering by an atom located at a site 7; is 
oe fei a = fea, 
with g =k’ —k. 
2. Show that the amplitude /,,, for scattering by a crystal has the form 
Frot = F(44x> 64y)> 


with the function F(aq,, bq,) given by 


F(aq,, bq,) = exp (iS) — (2S) 


sin(aq,N/2) ] [ sin(bq,M/2) 
«| sin(aq,/2) II sin(bq,/2) | 


3. Show that for N, M > 1 the scattering probability is proportional to (VM)? when g has com- 
ponents 


277, 270, 


qx =. a ? q yo b 


n, and n, being integers. When the components of g are of this form, it is said that q belongs to 
the reciprocal lattice of the crystal lattice. Diffraction maxima are obtained if g is a reciprocal 
lattice vector. What is the width of a diffraction peak about the maximum? Show that the 
intensity inside the peak is proportional to NM. 

4. The elastic nature of the scattering must be taken into account. Show that the condition for 
elastic scattering is 


2k.g+q? =0. 


A reciprocal lattice vector does not give a diffraction maximum unless this condition is satisfied. 
For fixed wavelength, this condition cannot be satisfied unless the angle of incidence takes 
special values, called the Bragg angles 6,. A simple analysis is possible if n, = 0. Show that in 
this case an angle of incidence 0, gives rise to diffraction when 


7m 
bk’ 
In general, it is convenient to interpret the Bragg condition geometrically: the tip of the vector 
k is located at a point of the reciprocal lattice and traces a circle of radius k. If this circle passes 


sin Op = i (ee ae 


through another point of the reciprocal lattice a diffraction maximum is obtained. In general, 
a beam of neutrons incident on a crystal will not give rise to a diffraction peak. The angle of 
incidence and/or wavelength must be chosen appropriately. Why doesn’t this phenomenon occur 
in diffraction by a one-dimensional lattice? What happens if only the first vertical column of 
atoms on the line y = 0 is present? 
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5. Now let us assume that the crystal is composed of atoms of two types. The basic crystal pattern, 
or cell, is formed as follows. Two atoms of type | are respectively located at 


and two atoms of type 2 at 

ty = ax and om = by. 
The pattern is repeated with periodicity 2a in the x direction and 2b in the y direction. Let 
Ti (f:] be the amplitude for neutron scattering by an atom of type | [2] located at the origin; 
these amplitudes can be taken to be real. If NM is the number of cells, show that the amplitude 
for scattering by the crystal is proportional to F(2aq,,2bq,). Find the proportionality factor 


as a function of f,; and f,. Show that if g, and q, correspond to a diffraction maximum, this 
proportionality factor must be 


fi[l+ (D0?) +f CD" + (CD. 


Discuss the result as a function of the parity of n, and n,. 

6. The atoms | and 2 form an alloy.*? At low temperatures the atoms are in the configuration 
described in question 5 above, but above a certain temperature each atom has a 50% probability 
of occupying any site, and all sites are equivalent. How will the diffraction picture change? 


1.6.5 Hydrogen-like atoms 


Calculate, as a function of R,,, the ground-state energy of the ordinary hydrogen atom, 
the deuterium atom, and the singly ionized helium atom taking into account the fact that 
nucleons have finite mass. Hint: what are the reduced masses? 


1.6.6 The Mach-Zehnder interferometer 


In a Mach-Zehnder interferometer (Fig. 1.19), a light beam arrives at the first beam 
splitter BS,. The two resulting beams are then reflected by two mirrors and recombined 


Fig. 1.19. The Mach-Zehnder interferometer. 


42 An example of the phenomenon described in this exercise is brass with composition 50% copper and 50% zinc. 
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by a second beam splitter BS,. The intensity of the incident light is reduced to the level at 
which the photons arrive one by one. More precisely, the time between the arrival of two 
successive photons is very large compared with the resolution times of the photodetectors 
D, and D,. If a photon arrives at a beam splitter with probability amplitude ap, it will be 
transmitted with an amplitude ta, and reflected with an amplitude ray, where f and r are 
complex numbers 


t=|tle*, r=|rle® 


and |t| = |r| = 1/2. A phase shift 6 can be introduced into, for example, the upper path 
of the interferometer by means of a plate with parallel faces of variable thickness. In the 
absence of this plate 6 = 6, #0 because the two beam paths in the interferometer are 
never exactly equal. Let p, and p, denote the probabilities of detecting a photon by D, 
and D,. 


1. Calculate p, and p, as functions of a, B, and 6. What is observed when 6 is varied? 
2. What is the relation between p, and p,? Derive the expression 


T : 
a-B= 5 +n, integer n. 


1.6.7 Neutron interferometry and gravity 


A neutron interferometer is realized in the following way (Fig. 1.20). A monochromatic 
(i.e., fixed wavelength) incident beam arrives at the first crystal at point A, with the angle 
of incidence and wavelength chosen such that a diffraction maximum is obtained (see 
Exercise 1.6.4, question 4); this angle of incidence is the Bragg angle 0,. Part of the beam 
is transmitted as beam I with probability amplitude ¢ and the rest is refracted as beam II 


Fig. 1.20. Neutron interferometry. 
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with probability amplitude r. These amplitudes satisfy |¢|? + |r|? = 1. Beams I and II 
arrive at a second crystal at points B and D, respectively, and the refracted parts of I and 
II are recombined by a third crystal at point C. The neutrons are detected by the two 
counters D, and D,. On trajectory II the neutrons undergo a phase shift 7 which can 
have various origins (a difference between the lengths of the trajectories, gravity, passage 
through a magnetic field, etc.), and the objective of neutron interferometry is to measure 
this phase shift. 


1. Show that the probability amplitude a, for a neutron to arrive at D, is 
a, = ay(e* trr +rrt), 
and that the probability of detection by D, is 
Py = 2|ao|?|¢/? |r +c0s x) = A(1 +008 x), 


where dy is the amplitude incident on the first crystal. 
2. What is the amplitude a, for a neutron to reach detector D, as a function of r, f, and ag, and 
the corresponding probability p,? Why must we have p, +p, = constant? Show that 


Pp, = B—Acos y. 
What is B as a function of f, r, and ay? Letting 
t= |tle'*, r= Irlei®, 
show that 


a—p= _ +n, n=0,1,2,... 

3. We now take gravity into account. How does the wave vector k = 27/A of a neutron vary 
with height z when the neutron is located in a gravitational field with gravitational accelera- 
tion g? Compare the numerical values of the neutron kinetic energy and gravitational energy** 
m,gz (where m, is the neutron mass), and derive an approximation for k. Assuming that the 
plane ABCD is initially horizontal, it can be rotated about the axis AB such that it becomes 
vertical. Show that such a rotation induces the following phase difference between the two 
trajectories: 


mgS — 2am,gSA 


Ad = = 
aaa: h? 


where S is the area of the rhombus ABCD. 


43 The energy is defined up to an additive constant, with the zero of energy fixed according to the following convention: a 
neutron of zero velocity and height z = 0 has zero energy. 
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4. If the plane ABDC lies at a variable angle 6 with respect to the vertical direction, give a 
qualitative discussion of the variation of the neutron detection probability as a function of 6. 
Numerical data:# A = 1.44A, § = 10.1 cm’. 


1.6.8 Coherent and incoherent neutron scattering by a crystal 


We want to study neutron scattering by a crystal composed of two types of nucleus. 
A given lattice site is occupied by a nucleus of type 1 with probability p, or by a nucleus 
of type 2 with probability p, = 1 — p,. The total number of nuclei is WV, and so there are 
p,N nuclei of type | and p,NV nuclei of type 2 in the crystal. With a site i, i= 1,...,N, 
we associate a number a; which takes the value 1 if the site is occupied by a nucleus of 
type | and 0 if it is occupied by a nucleus of type 2. The ensemble {a;} of the a;, with 
>>; @; = P| NV, defines a configuration of the crystal. The amplitude of neutron scattering 
by the crystal in a configuration {a;} is (cf. Exercise 1.6.4) 


N 


fio = » (af, +d — a) frei", 


i=1 


where f; (/;) is the amplitude for neutron scattering by a nucleus of type 1 (2). 


1. We shall use brackets (e) to denote the average over all possible configurations of the crystal, 
assuming that the occupation numbers of the sites are not correlated (for example, the occupation 
of a site by a nucleus of type 1 does not increase the probability that a nearest-neighbor site is 
also occupied by a nucleus of type 1). Prove the identities 


(a;a@;) = vi + P\p9;;, (a;(1 —a;)) = p\pr(1 — 6;;). 


2. Use these identities to derive the average of |/f,,,|? over configurations: 


(fol?) = (Pifi t+ Poh)? Let + Nepal fi- fe) 
i,j 
The first term describes coherent scattering and gives rise to diffraction peaks. The second 
term is proportional to the number of sites and independent of angles; it corresponds to 
incoherent scattering. 


1.7 Further reading 


The introductory Chapters 1-3 of Feynman et al. [1965], vol. III, and Chapters 1-5 of 
Wichman [1967] are strongly recommended as an elementary introduction to quantum 
physics. Another source is Chapters 1-3 of Lévy-Leblond and Balibar [1990]. For a 
pedagogical discussion of elementary particle physics see D. Perkins, An Introduction to 
High Energy Physics, 4th edn, Cambridge: Cambridge University Press (2000). A detailed 


44 R. Colella, A. Overhauser, and S. Werner, Observation of gravitationally induced quantum interference, Phys. Rev. Lett. 34, 
1472-1474 (1975). 
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discussion of black-body radiation can be found in, for example, Le Bellac et al. [2004], 
Chapter 4. Interference and diffraction experiments using cold neutrons have been per- 
formed by A. Zeilinger, R. Gahler, C. Shull, W. Treimer, and W. Mampe, Single and 
double-slit diffraction of neutrons, Rev. Mod. Phys. 60, 1067 (1988), and interference 
experiments using cold atoms by F. Shimizu, K. Shimizu, and H. Takuma, Double-slit 
interference with ultracold metastable neon atoms, Phys. Rev. A46, R17 (1992). Neutron 
diffraction by a crystal is discussed by Kittel [1996], Chapter 2. A recent book on neu- 
tron interferometry is that by H. Rauch and S. Werner, Neutron Interferometry, Oxford: 
Clarendon Press (2000). 
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The mathematics of quantum mechanics I: 
finite dimension 


The superposition principle is a founding principle of quantum mechanics; we have 
already made use of it in interpreting the Young’s slit experiment. Quantum mechanics 
is a linear theory, and so it is natural that vector spaces play an important role in it. 
We shall see that a physical state is represented mathematically by a vector in a space 
whose characteristics we shall define; this is called the space of states. A second founding 
principle, which can also be deduced from the Young’s slit experiment, is the existence of 
probability amplitudes. These probability amplitudes will be represented mathematically 
by scalar products defined on the space of states. In the theory of waves, the use of complex 
numbers is just a convenience, but in quantum mechanics the probability amplitudes are 
fundamentally complex numbers — the scalar product will a priori be a complex number. 
Physical properties like momentum, position, energy, and so on will be represented by 
operators acting in the space of states. In this chapter we shall introduce the essential 
properties of Hilbert spaces, that is, vector spaces on which a positive-definite scalar 
product is defined, and we shall limit ourselves to the case of finite dimension. This 
restriction will be lifted later on, because the space of states is in general of infinite 
dimension. The mathematical theory of Hilbert spaces of infinite dimension is much more 
complicated than that of spaces of finite dimension, and we shall put off studying them 
until Chapter 7. The reader familiar with vector spaces of finite dimension and operators 
in such spaces can proceed directly to Chapter 3 after reviewing the notation. 


2.1 Hilbert spaces of finite dimension 


Let H be a vector space of dimension N over complex numbers. We shall use |g), |v), ... 
to denote the elements (vectors) of H. If A, w,... are complex numbers and if |g) and 
|v) € A, linearity implies that A|g) = |Ag) € # and that (|g) +Alx)) € H. 

The space AC is endowed with a positive-definite scalar product, which makes it a 
Hilbert space. The scalar product! of two vectors |g) and |x) will be denoted (y|¢); it 
is linear in |@), 


(X1(G1 +AG2)) = (X1P1) + ACKIG2), (2.1) 


' We could use the mathematicians’ notation (y, ¢) = (y|¢) for the scalar product. However, it should be noted that for 
mathematicians the scalar product (x, ¢) is linear in x! 
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and it possesses the property of complex conjugation 


(xle) = (elx)"*, (2.2) 


which implies that (g|g) is a real number. From (2.1) and (2.2) we deduce the fact that 
the scalar product (y|@) is antilinear in |x): 


(Oxi + AX)IE) = Ole) +A" Oe 1@). (2.3) 


Finally, the scalar product is positive-definite: 
(gle) =0 => |e) =0. (2.4) 


It will be convenient to choose an orthonormal basis in H of N vectors {|n)} = 
(2) y 525 [PB vesed LN] 
(n|m) = Sam: (2.5) 


Any vector |g) can be decomposed on this basis with coefficients c, which are the 
components of |g) in this basis: 


Ip) = 2 c,|n). (2.6) 


Taking the scalar product of (2.6) with the basis vector |m), we find the following for 
the c,,,: 


Cm = (m|@). (2.7) 


If a vector |v) is decomposed on this basis as |v) = )¢d,,|n), the scalar product (y|¢) is 
written as follows using (2.5): 


(xl) = DE dic, (min) = Qo di cp. (2.8) 


n,m=1 n=1 


The norm of |g), denoted ||¢|], is defined using the scalar product: 


lll’ = (ele) = Vole, = 0. (2.9) 


n=1 


An important property of the scalar product is the Schwarz inequality: 


Iixle)l? < (xlx) el) = IIxIl Ilell? |. (2.10) 
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The equality holds if and only if |g) and |v) are proportional to each other: |v) = Al¢). 


Proof.” The theorem is proved if (y|g) =0. We can then assume that (x|¢) 4 0 so that 
|p) £0 and |v) 40. From the positivity (2.9) of the norm we have 


((g—AyX)|(P—AxX)) = IIelP? —A* (Ie) — ACelx) FIAPILXIP = 0. 


Choosing 
_ligIFy._ lil? 
(glx) (xl¢)’ 
we obtain 
Hell*llxil? 
lIe|? —2||e|? + ———- > 0, 
ICxl¢)| 


from which (2.10) follows immediately. According to (2.4), the equality can hold only if 
|p) = Aly) and vice versa. 


2.2 Linear operators on Ft 
2.2.1 Linear, Hermitian, unitary operators 


A linear operator A establishes a linear correspondence between a vector |g) and a 
vector |Ag): 


|A(p + Ax)) = |Ag) + AlAx). (2.11) 
This operator is represented in a given basis {|n)} by a matrix with elements A,,,,.> Using 
the property of linearity and the decomposition (2.6) 
N 
|Ag) = )'c,|An), 
n=1 
we obtain the components d,, of |Ag) = >-,,, d,,|m): 
N N 
dy = (m|Ag@) = ba Cc, (m|An) oe x Ans (2.12) 
n=1 n=1 
An element A,,,, of the matrix is then given by 
Poi a (m|An). (2.13) 
The Hermitian conjugate (or adjoint) of A, A‘, is defined as 
(xIA"@) = (Axle) = (glAx)* (2.14) 


> This proof can be carried over directly to spaces of infinite dimension. 
3 We note that physicists often casually use the terms operator and matrix interchangeably, the latter referring to the matrix 
representing the operator in a given basis. 
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for every pair of vectors |p), |v). It can easily be shown that A’ is also a linear operator. 
Its matrix elements in the basis {|n)} are obtained by taking |g) and |x) to be the basis 
vectors, and (A‘),,,, satisfies 


mn 


(A) nn = A, 


nm* 


(2.15) 


The Hermitian conjugate of the product AB of two operators is B* A‘: 


(x|(AB)"¢) = (ABy|¢) = (Bx|A"¢) = (x|B'A’@). 


An operator satisfying A = A‘ is termed Hermitian or self-adjoint. The two terms are 
equivalent for finite-dimensional spaces, but not for infinite-dimensional ones. 

An operator that satisfies UU‘ = U'U =1 or, equivalently, U~' = U", is called a 
unitary operator. Throughout this book we shall use J to denote the identity operator of 
the Hilbert space. In a finite-dimensional space the necessary and sufficient condition for 
an operator U to be unitary is that it leave unchanged the norm 


[|Ue||? =||¢||? or (Ug|Ue) = (ele) Vee H. (2.16) 


Proof. Let us calculate the squared norm of |U(@+A,x)), which by hypothesis is equal 
to the squared norm of |p+Ay): 


(P+Axle+AX) = (Ele) + IAP? (XIX) + 2Re (A(@lX)) 
while 
(UG +AX)U(G +AX)) = (Ue|Ue) + Al? (Ux|Ux) + 2Re (A(Ug|Ux)). 
Subtracting the second of these equations from the first gives 
Re (A(g|x)) = Re (A(Ug|Ux)), 
and choosing A = | and then A = 1 we find 


(Ug|Ux) = (glx) > UU = 1. 


In a vector space of finite dimension the existence of a left inverse implies the existence 
of a right inverse, and so we also have UU‘ = J. An operator that preserves the norm is 

an isometry. In a space of finite dimension an isometry is a unitary operator. 
Unitary operators perform changes of orthonormal basis in H. Let |n’) = |Un). Then 
Gn ln’) ={Um|Un) = Gn|n) = 6,,, = 0 


mn mn! 
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and the ensemble of vectors {|n’)} forms an orthonormal basis. It should be noted that 
the components c,, of a vector are transformed using U* (or U~') 


cl, = (n'|e) = (Un|g) = (n|U'g) = Yo UL cn (2.17) 


m=1 


We also note the transformation law of the matrix elements: 


N 
A’, = (m'|An’) = (Um|AUn) = (m|UtAUn) = > US, Ag Up (2.18) 


mn 
k,l=1 


2.2.2 Projection operators and Dirac notation 


We shall frequently use projection operators (projectors). Let H, be a subspace of At 
and A, be the orthogonal subspace. Any vector |g) can be decomposed uniquely into a 
vector |y,) belonging to H, and a vector |g,) belonging to H,: 


IP) =1P1) +12), 11) € FQ, 12) € Fy, (1/2) =9. 
The projector P, onto H, is defined by its action on an arbitrary vector |g): 
[Pi ¢) =|¢1). (2.19) 


P, 1s obviously a linear operator, and it is also a Hermitian operator because if the 
decomposition of |x) into vectors belonging to H, and H, is |x) =|x,) +|xX2), then 


(XIPie) = (Xl1G1) = (Xil¢1); 
(xIPi¢) = (Pixle) = (vile) = (lei): 
It should also be noted that 
Pie = (9,0) =e) S57 = Pi: 


Conversely, every linear operator satisfying Pe. = P, is a projector. 


Proof. First we notice that Pi = P,, and then that vectors of the form |P;g) form a 
vector subspace H, of H. If we write 


lp) =|P,¢) + (le) —|Pi¢)) = |Pi.¢) +1¢2), 


then |g~,) is orthogonal to every vector |P, x): 
(g—PiglPix) =(Pig—Prglx) =0. 


We have in fact decomposed |g) into |P, ~) and a vector of the subspace orthogonal to H,. 
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The property P? = P, demonstrates that the eigenvalues of a projector are 0 or 1, and 
TrP, (see 2.23) is the dimension of the projection space, as is easily seen by writing 
Pf, in a basis in which it is diagonal: as we shall see in the next section, such a basis 
always exists because P, is Hermitian. Furthermore, we can prove the following properties 
(Exercise 2.4.6): 


e If P, and P; are projectors onto H, and H), respectively, P,P; is a projector if and only if 
P| P| =P P,. Then P,P; projects onto the intersection H, 1 Hy. 

e P| +P; is a projector if and only if P,P; = 0. In this case H, and H; are orthogonal and 
P, +P, projects onto the direct sum H, 6H}. 

e If P| P| =P, P,, then P, +P; —P, P| projects onto the union H, U A;. The second property is 
a special case of this one. 


Dirac notation. Instead of writing |Ag), from now on we shall use the notation A|g) 
introduced by Dirac.* The scalar product (y|Ag) is written as (y|A|g) in Dirac notation. 
The vectors |g) of H are called “kets,” and the vectors (y| of the dual space are called 
“bras.” The bra associated with the ket |Ag) is A*(@]|; indeed, 


(Ag|x) = A*(@Ix)- 


In (x|Alg), A acts on |g) from the right: (y|A|g~) = (x|(Al]@)) and not (Ay|@). Since 
(A|g))' = (@|At, there are no ambiguities if A is Hermitian. The main virtue of the 
Dirac notation is that it allows us to write projectors in a very simple way. Let |g) be 
a normalized vector: (g|g) = 1. The decomposition of |v) into |g) and a vector |v, ) 
orthogonal to |g) is 


Ix) = 19) ¢e1x) + (IX) — le) PIX) = 19) 1X) + 1X1) = Polx) +1XL)- 


We can then write? 
P= \~){e| |- (2.20) 


If the vectors {|1),...,|M)}, M <N, form an orthonormal basis of the subspace K(,, 
then P, can be written as 


P= |n)Xnl. (2.21) 


If M =N we obtain the decomposition of the identity operator: 


=o |n)(n| |. (2.22) 


n=1 


4 This notation is convenient and very widely used, but it is not free of ambiguities. For example, it is not wise to use it when 
dealing with time reversal: see Appendix A. 


> If |Ig||? #1, then P, = |¢)(¢I/l¢ll?. 
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This relation is called the completeness relation. It often proves very useful in calculations. 
For example, it provides a simple proof of the matrix multiplication law: 
N N 


= (n|AB|m) = (n|AIB|m) = ¥ (n|Al) (Bl) = | An Bin. 


l=1 l=1 


(AB) 


nm 


Finally, let us give an important definition. The trace of an operator is the sum of its 
diagonal elements: 


(2.23) 


It is easily shown (Exercise 2.4.2) that the trace is invariant under a change of basis and 
that 


Tr AB =TrBA. (2.24) 


2.3 Spectral decomposition of Hermitian operators 
2.3.1 Diagonalization of a Hermitian operator 


Let A be a linear operator. If there exists a vector |g) and a complex number a such that 


Ale) =al¢), (2.25) 


then |g) is called an eigenvector and a an eigenvalue of A. The eigenvalues are found 
by solving the equation for a: 


det(A — al) = 0. (2.26) 
The eigenvectors and eigenvalues of Hermitian operators possess remarkable properties. 


Theorem. The eigenvalues of a Hermitian operator are real and the eigenvectors corre- 
sponding to two different eigenvalues are orthogonal. 


The proof is simple. It is sufficient to consider the scalar product (g|A|y), where |g) 
satisfies (2.25): 
(glAlg) = (¢lag) = allel’ 
= (Ag|¢) = (ag|¢) =a" lle|l’, 
which gives a = a*; on the other hand, if A|g) = a|g) and Aly) = b|y), then 
(xlAg) = a(xle) = (Axle) = b(x 1), 


from which we find (y|g) = 0 if a# b. An immediate consequence of this result is that 
the eigenvectors of a Hermitian operator normalized to unity form an orthonormal basis 
of H if the eigenvalues are all distinct, that is, if the roots of Eq. (2.26) are all different. 
However, it may happen that one (or more) of the roots of (2.26) are the same, that is, 
one finds multiple roots. Let a,, be a multiple root: the eigenvalue a,, is then said to be 
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degenerate. Again in this case it is possible to use the eigenvectors of A to construct an 
orthonormal basis of AC. Indeed, we have at our disposal the following theorem, which 
we state without proof. 


Theorem. If an operator A is Hermitian, it is always possible to find a (nonunique) 
unitary matrix U such that U~' AU is a diagonal matrix, where the diagonal elements are 
the eigenvalues of A, each of which appears a number of times equal to its multiplicity: 


ay DO 0 
0 a O 
U'AU=1 9 0 a 0 : |- (2.27) 
a 
0 O day 


Let a, be a degenerate eigenvalue and let G(n) be its multiplicity in (2.26); it is also 
said that a, is G(n) times degenerate. Then there exist G(n) independent eigenvectors 
corresponding to this eigenvalue. These G(n) eigenvectors span a vector subspace of 
dimension G(n) called the subspace of the eigenvalue a 
(nonunique) orthonormal basis |n, r), r=1,..., G(n): 


in which we can find a 


n? 


A 


n,r)=a,|n, 7). (2.28) 


Using (2.21), we can write the projector P,, onto this vector subspace as 


G(n) 


P=) nari: (2.29) 


r=1 


The sum of the P?,, gives the identity operator since the set of vectors |n, r) forms a basis 
of AC, and we obtain the completeness relation (2.22): 


G(n) 


(2.30) 


n r=l1 


Let |p) be some vector of KH: 
Ale) = DAP |e) = dan Pale) 


since P,,|~) belongs to the subspace of the eigenvalue a,,. We can then cast A in the form 


G(n) 


A=) a. P=) > i a 7 |b (2.31) 


n r=l 
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This fundamental relation is called the spectral decomposition of A. Reciprocally, 
an operator of the form >°,,a,P,, is Hermitian with eigenvalues a, if a, = a> and if 


n nvn 


P. Pin =5nmP,» namely, if the P,, are pairwise orthogonal. 
2.3.2 Diagonalization of a 2x2 Hermitian matrix 


We shall often need to diagonalize 2 x 2 Hermitian matrices. The most general form of 
such a matrix in a {|1), |2)} basis, 


=(4). 2=(7). 
ree) 


where a and a’ are real numbers and b is a priori complex. However, we shall see that in 
quantum mechanics it is always possible to redefine the phase of the basis vectors: 
[1) > |’) =e|1),  [2) > 2") =e 2). 
In this new basis the matrix element A}, of the operator A is 
A= (1 |Al2) =? (Ay =F A, = FP b, 


If b = |b| exp(id), it is sufficient to take (a — B) = 6 to eliminate the phase of b, which 
can then be chosen to be real. The simplest case is that where a = a’: 


a b 
A= : 2,32 
i) (2.32) 
In this case we immediately verify that the two vectors |y,) and |y_) 
1 /1 1 /-1 
= — , x)=— ; 2,33 
K=z() W=3(4) (2.33) 


are eigenvectors of A with eigenvalues (a+b) and (a—b), respectively. This very simple 
result has an interesting origin. Let Up be a unitary operator which performs a permutation 
of the basis vectors |1) and |2): 


The operator Up has unit square: Us = /, and its eigenvalues then are +1. The cor- 
responding eigenvectors are |y,) and y_). We observe that A can be written in the 
form 


which shows that A and Up commute: AUp = U)A. Then, as we shall see in the following 
subsection, we can find a basis constructed from eigenvectors common to A and Up. It is 
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easy to diagonalize A because A commutes with a symmetry operation, a property which 
we shall often use in this book. 

In the general case a £ a’, the symmetry property does not hold and the diagonalization 
is not so simple. It is convenient to write A in the form 


en ” eat Bra oS sin 6 iF (2.34) 


b a-— sin —cosé 


where the angle 6 is defined by 


c= vVb*+c? cos8, 
b= Vb?+c? sind. 


We note that tan @ = b/c, and that care must be taken to choose a correct definition of 0 
in [0, 277]. We then verify that the eigenvectors are 


_ (cos @/2 _ (—sin 6/2 
Xs) = e val Ix) = ( cos 0/2 ), 2°) 


corresponding to the eigenvalues a+ /b? + c? and a—/b? + c’, respectively. We recover 
the preceding case for c = 0, which corresponds to 6 = +77/2. 


2.3.3 Complete sets of compatible operators 


By definition, two operators A and B commute if AB = BA, and in this case their 
commutator [A, B] defined as 


[A, B] = AB— BA (2.36) 


vanishes. Let A and B be two Hermitian operators that commute. We can then prove the 
following theorem. 


Theorem. Let A and B be two Hermitian operators such that |A, B] =0. We can then 
find a basis of Hl constructed from eigenvectors common to A and B. 


Proof. Let a, be the eigenvalues of A and |n,r) be a basis of A constructed using 
the corresponding eigenvectors. We multiply the two sides of (2.28) by B and use the 
commutation relation 


BA|n, r) = A(B|n, r)) =a, (Bln, r)), 


which implies that the vector B|n, r) belongs to the subspace of the eigenvalue a,,. If a,, is 
nondegenerate, this subspace has dimension one, and B|n, r) is necessarily proportional 
to |n, r) which then is also an eigenvector of B. If a, is degenerate, we can only deduce 
that B|n, r) is necessarily orthogonal to every eigenvector |m, s) of A with m #n: 

(m, s|B\n, r) = 6,,,B” 


nm sr ? 
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which implies that in the basis |n, r) the matrix representation of B is block-diagonal: 


BO 0 O 
B= 0 B® 0O 
0 oO. B® 


Each block B“ can be diagonalized separately by a change of basis which acts only in 
each subspace without affecting the diagonalization of A as a whole, since inside each 
subspace A is represented by a diagonal matrix. 

Reciprocally, let us suppose that we have found a basis |(n, p)r) of H constructed 
from eigenvectors common to A and B: 


A|(n, p)r) =a,\(n, p)r), B\(n, p)r) =, |(n, p)r). 
It is then obvious that 
[A, B]|(n, p)r) = 90, 


and since the vectors |(n, p)r) form a basis, [A, B] = 0. If [A, B] = 0, it may happen that 
given only the eigenvalues a,, and b,,, the basis vectors can be specified uniquely up to 
a multiplicative constant of modulus unity; there exists one and only one vector |(n, p)) 
such that 


Al(n, p)) =4,|(”, p)), Bl (n, p)) = bp |(n, p))- (2.37) 


It is then said that A and B form a complete set of compatible operators. If there is still 
some indeterminacy, that is, if there exists more than one linearly independent vector 
satisfying (2.37), it can happen that knowing the eigenvalues of a third operator C 
commuting with A and B lifts the indeterminacy. An ensemble of Hermitian operators 
A,,.-.,Ay that commute pairwise and whose eigenvalues unambiguously define the 
vectors of a basis of H is called a complete set of compatible operators (or a complete 
set of commuting operators). 


2.3.4 Unitary operators and Hermitian operators 


The properties of unitary operators U' = U~' are intimately related to those of Hermitian 
operators. In particular, such operators can always be diagonalized. The basic theorem 
for unitary operators is stated as follows. 


Theorem. (a) The eigenvalues a,, of a unitary operator have modulus unity: a,, = exp(ia.,), 
a,, real. (b) The eigenvectors corresponding to two different eigenvalues are orthogonal. 
(c) The spectral decomposition of a unitary operator is written as a function of pairwise 
orthogonal projectors P,, as 


US) a7, =) 6 Pw YP pS 7, (2.38) 


n n 
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The proof of (a) and (b) is trivial. To obtain (c) we write 


U=5(U+U')+i5 U-U') AFB, (2.39) 
The operators A and B are Hermitian and [A, B] = 0, so that the operators A and B 
can be diagonalized simultaneously, and the eigenvectors common to A and B are also 
eigenvectors of U. The eigenvalues of A and B are cosa, and sina, respectively. 
Equation (2.39) generalizes to unitary operators the decomposition of a complex number 
into real and imaginary parts, with Hermitian operators playing the role of real numbers. 
The operator C 


C= Ds GPs 


is a Hermitian operator and U = exp(iC). Inversely, let A= >°,,a,P,, be a Hermitian 
operator. The operator 
=> a7, =e (2.40) 


is manifestly a unitary operator. This notation generalizes the representation exp(iq) of a 
complex number of unit modulus to unitary operators. 


2.3.5 Operator-valued functions 


In writing down (2.40) we have introduced the exponential of an operator. More generally, 
it is useful to know how to construct a function f(A) of an operator. The construction 
is obvious if the operator A can be diagonalized: A = XDX~', where D is a diagonal 
matrix whose elements are d,,. Let us assume that a function f is defined by a Taylor 
series which converges in a certain region of the complex plane |z| < R: 


f@= De”. 
p=0 
The operator-valued function f(A) will be given by 


(AS ySoe => exe xr Sx b> “0 | a. (2.41) 
p=0 p=0 p=0 
The expression inside the square brackets is just a diagonal matrix with elements f(d,,) 
well defined if |d,,| < R for any n. In general, it is possible to find an analytic continuation 
for f(A) even if some eigenvalues d,, lie outside the region of convergence of the Taylor 
series, just as it is possible to analytically continue 


CO 


le 
0 1-z 


p= 
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outside the region of convergence |z| < 1 for any value of z different from unity. A 
particularly important case is that of the exponential of an operator: 


[o.e} A? 


expA = aa 
p=0 P- 


(2.42) 
Since the radius of convergence of an exponential is infinite, the above argument implies 
that exp A is well defined by the series (2.42) if A is diagonalizable (in fact, it is easy to 
show directly that the series (2.42) is convergent in any case). Care must be taken of the 
fact that, in general, 


exp Aexp B 4 exp Bexp A; 


a sufficient (but not necessary!) condition for the equality to hold is that A and B commute 
(Exercise 3.3.6). 

In summary, given a Hermitian operator A whose spectral decomposition is given by 
(2.31), it is straightforward to define any function of A by 


F(A) = VFA) Pns (2.43) 


for example, the exponential exp A, the logarithm In A, or the resolvent R(z, A): 


er = Sere. (2.44) 

InA = )/(Ina,)P,,, (2.45) 

R(z, A) = (I-A) ' => Po (2.46) 
n &—4y 


The resolvent R(z, A) is of course defined only for z 4 a,, for any n, and the logarithm 
is defined only if none of the eigenvalues a,, is zero. 


2.4 Exercises 
2.4.1 The scalar product and the norm 


Let us take a norm ||g|| derived from a scalar product: ||g||? = (¢, ¢). 


1. Show that this norm satisfies the triangle inequality 


IIx + ll < IIxll+Ilell, 
as well as 


[Ill —llell| < Ilx+¢ll- 
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2. Show also that 


lix + ell? +Ilx— ell? = 2(IxIP + Ile). 


What is the interpretation of this equality in the real plane R?? Conversely, if a norm 
possesses this property in a real vector space, show that 


(6.0) = 09) = 5 (IIx tell? Ilva?) 


defines a scalar product. This scalar product must satisfy 


(X, P1 +42) =(% E+, G2), (K% AG) =AM ¢)- 


In the case of a complex vector space, show that 


(x, 9) = 5 [(ilx+ ell? — lx #1) — i (IIx tig? — llx ie IP). 


2.4.2 Commutators and traces 


. Show that 
[A, BC] = B[A, C]+[A, BIC. (2.47) 


. The trace of an operator is the sum of the diagonal elements of its representation matrix in a 
given basis: 


TrA= > Ann: (2.48) 
Show that 
TrAB=Tr BA, (2.49) 


and deduce that the trace is invariant under a change of basis A > A’ = SAS~!. The trace of an 
operator is (fortunately) independent of the basis. 
. Show that the trace is invariant under cyclic permutations: 


Tr ABC = Tr BCA = Tr CAB. (2.50) 


2.4.3 The determinant and the trace 


. Let a matrix A(t) depending on a parameter f satisfy 


dA(t 

SU) = A(t) B. 
dt 

Show that A(t) = A(0) exp(Br). What is the solution of 
dA(t 

0) = BA(t)? 


dt 
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2. Show that 
dete” x dete“? = det e411), 


Then derive the relation 


dete4 = e™4, 


or, equivalently, 
det B=e™ "8, (2.51) 


Hint: Find a differential equation for the function g(t) = det[exp(A‘)]. The results are obvious 
if A is diagonalizable. 


2.4.4 A projector in R?* 


1. Let us take two vectors “, and i, in real three-dimensional space R* which are linearly 
independent but not necessarily orthogonal and which have any norm. Let P be the projector 
onto the plane defined by these two vectors. Show that the action of P on a vector V can be 


written as 
— 2 = 
PV =F) CAV -m,)i,, (2.52) 
i,j=l 
where the 2 x 2 matrix C,; = u;-U;. 
2. Generalization: assume that we have p linearly independent vectors u,,..., Uy in RY, p<N. 


Write down the projector onto the vector space generated by these p vectors. 


2.4.5 The projection theorem 


Let H, be a vector subspace of AH and |g) € A. Show that then there exists a unique 
element |g,) of H, such that the norm ||¢~, — ¢|| is a minimum: ||g, — ¢]] is the distance 
from |g) to H,. Find |q@,). 


2.4.6 Properties of projectors 


Show the following properties of projectors. 


Property 1. If P,; and P; are projectors onto H, and H7, respectively, then P,P; is a projector if 
and only if P; P| = P| P,. Then P,P; projects onto the intersection H,N A}. 

Property 2. P, +P; is a projector if and only if P,P; = 0. In this case H, and H; are orthogonal 
and P, + P; projects onto the direct sum H, @ Hj. 

Property 3. If P| P| = P,P, then P, +P; — P,P; projects onto the union H, UH. The property 
2 is a special case of this result. 
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Property 4. Assume that we have an operator © such that ‘CO is a projector: 
Oo= 9. 
Show that 0° is also a projector. Hint: show that 


O|g) =0 => Pie) =0. 


2.4.7 The Gaussian integral 


Let A be areal N x N matrix which is symmetric and strictly positive (cf. Exercise 2.4.10). 
Show that the multiple integral 


a 1 
i=l jk 


becomes 
(2a)? 1 ay 
I(b) = ——— exp(-= b.A, b,). 2.53 
()) = P(5X AG bx) (2.53) 
Hint: write 


> xjApry = x? Ax = (x|A|x), 
ik 


where x is a column vector and x’ is a row vector, and make the change of variable 
x =x—A'b. 


These Gaussian integrals are fundamental in probability theory and arise in many physics 
problems. 


2.4.8 Commutators and a degenerate eigenvalue 
Let us take three N x N matrices A, B, and C satisfying 
[A,B]=0, [A,C]=0, [B,C]#0. 


Show that at least one eigenvalue of A is degenerate. 


2.4.9 Normal matrices 
A matrix C is termed normal if it commutes with its Hermitian conjugate: 
OCHaCO. 
Writing 
C= ; (C+C')+i - (C—C*t) =A+iB, 


show that C is diagonalizable. 
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2.4.10 Positive matrices 


A matrix A is termed positive (or non-negative by some authors) if for any vector |g) 40 
the average value is real and positive: (g|A|g) > 0. It is termed strictly positive if 
(glAl¢) > 0. 


1. Show that any positive matrix is Hermitian and that a necessary and sufficient condition for a 
matrix to be positive is that its eigenvalues are all > 0. 

2. Show that in a real Hilbert space, where a Hermitian matrix is symmetric (A = A’), a positive 
matrix is not in general symmetric. 


2.4.11 Operator identities 


1. Let an operator f(t) be a function of a parameter ¢ such that 
f(t) = eRe, 


where the operators A and B are represented by N x N matrices. Show that 


df df 
—=([A, f()|], — =A, 1A, fol], ete. 
~=1A, OL TF =1A.14, OIL ete 
Derive the expression 
t r 
e'4 Be 4 = B+ 7 [A, B]+ 7 [A, [A, B]]+-:: (2.54) 


Application: let three operators A, B, and C obey 
[A,B] =iC, [B,C] =iA. 
Show that 
e'8 4 eB! — Acost+Csint. 


An example is provided by the angular momentum operators J,, J,, J, (see Chapter 10). 
2. Let us assume that A and B both commute with their commutator [A, B]. Write down a differential 
equation for the operator 


g(t) = eM! et 
and derive the expression 


eAtB — oA 9B e-31ABI. (2.55) 


Careful! This identity is not valid in general. It is guaranteed to hold only when [A, [A, B]] = 
[B, [A, B]] = 0. Using the same assumptions, show also that 


ef eB = eer elt 41, (2.56) 
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2.4.12 A beam splitter 


Let us consider a beam splitter (a mirror which is semi-transparent to a light wave, a 
crystal aligned at a Bragg angle for a neutron, etc.) which we assume to be nonabsorbing. 
Waves arrive at the same angle of incidence on the left and right sides of the beam splitter 
with amplitudes A, and Ap, respectively (see Fig. 2.1). The amplitudes B, and Bp of the 
outgoing waves, which are made up of both reflected and transmitted waves, are linearly 
related to the amplitudes of the incoming waves as° 


(y= (Rt) w= (Ea): 


1. Show that M’ is unitary and that det M’ = exp(i@). 

2. Since we are interested in experiments where the outgoing waves interfere, a global phase factor 
has no physical consequences and M’ can be replaced by M = exp(—i0/2)M’ with det M = —1. 
Derive the general form of M: 


t* 
u=(" a) InP + |e? = 1. 
t —r 


3. Show that M can be written as 
wa Wrlet lee 
\ [tle —|rlex J 


Let 6, be the difference of the phases of the reflected and transmitted waves for the wave 
incident from the right (Ap = 1, A; = 0), and let 6, be the same phase difference for the 
wave incident from the left (Ap =0, A, = 1). Show that 


Op £6, = 7tinm, n=0; 1,2; -.. 


This result generalizes that obtained using the Mach-Zehnder interferometer in 
Exercise 1.6.5 to the case where the beam splitter is not symmetric. If it is symmetric 


AL 


Br 


Fig. 2.1. A beam splitter. 


6 A. Zeilinger, General properties of lossless beam splitters in interferometry, Am. J. Phys. 49, 882 (1981). 
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dp = 6, = 7/2. What is the form of M in the symmetric case? Rederive the results of 
Exercise 1.6.5 and show that for suitably chosen phases we can write the following in 
the symmetric case: 


ie oe eee Sa 
4/2 Dp a ~ f2 1 -1/° 


The matrix H is called the Hadamard matrix (or gate) and is widely used in quantum 
computing (Section 6.4.2). 


2.5 Further reading 


The results on finite-dimensional vector spaces and operators can be found in any under- 
graduate linear algebra text. In addition, the reader can consult Isham [1995], Chapters 2 
and 3, or Nielsen and Chuang [2000], Chapter 2, which gives an elegant demonstration 
of the spectral decomposition theorem for a Hermitian operator. 
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Polarization: photons and spin-1/2 particles 


In this chapter we build up the basic concepts of quantum mechanics using two simple 
examples, following a heuristic approach which is more inductive than deductive. We 
start with a familiar phenomenon, that of the polarization of light, which will allow 
us to introduce the necessary mathematical formalism. We show that the description of 
polarization leads naturally to the need for a two-dimensional complex vector space, and 
we establish the correspondence between a polarization state and a vector in this space, 
referred to as the space of polarization states. We then move on to the quantum description 
of photon polarization and illustrate the construction of probability amplitudes as scalar 
products in this space. The second example will be that of spin 1/2, where the space of 
states is again two-dimensional. We construct the most general states of spin 1/2 using 
rotational invariance. Finally, we introduce dynamics, which allows us to follow the time 
evolution of a state vector. 

The analogy with the polarization of light will serve as a guide to constructing the 
quantum theory of photon polarization, but no such classical analog is available for 
constructing the quantum theory for spin 1/2. In this case the quantum theory will be 
constructed without reference to any classical theory, using an assumption about the 
dimension of the space of states and symmetry principles. 


3.1 The polarization of light and photon polarization 
3.1.1 The polarization of an electromagnetic wave 


The polarization of light or, more generally, of an electromagnetic wave, is a familiar 
phenomenon related to the vector nature of the electromagnetic field. Let us consider a 
plane wave of monochromatic light of frequency w propagating in the positive z direction. 
The electric field E (t) at a given point is a vector orthogonal to the direction of propa- 
gation. It therefore lies in the xOy plane and has components {F,(t), E,(t), E.(t) = 0} 
(Fig. 3.1). The most general case is that of elliptical polarization, where the electric field 
has the form 

E(t) = Ep, cos(wt — 6,) 


E,(t) = Ep, cos(wt — 6,) © (3.1) 


E(t) = 
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analyzer 


polarizer 


Fig. 3.1. A polarizer—analyzer ensemble. 


We have not made the z dependence explicit because we are only interested in the field 
in a plane z = constant. By a suitable choice of the origin of time, it is always possible 
to choose 6, =0, 6, =6. The intensity J of the light wave is proportional to the square 
of the electric field: 


J=I,+I, = KEG, + Ej,) = kEG, (3.2) 


where k is a proportionality constant which need not be specified here. When 6 = 0 
or 7, the polarization is linear: if we take Ey, = E)cos 6, Ey, = Ey) sin @, Eq. (3.1) for 
6, = 6, =0 shows that the electric field oscillates in the ng direction of the xOy plane, 
making an angle 6 with the Ox axis. Such a light wave can be obtained using a linear 
polarizer whose axis is parallel to fig. 

When we are interested only in the polarization of this light wave, the relevant param- 
eters are the ratios Ey,/E  =cos@ and E,,/E) = sin @, where @ can be chosen to lie 
in the range [0, 77]. Here E, is a simple proportionality factor which plays no role in 
the description of the polarization. We can establish a correspondence between waves 
linearly polarized in the Ox and Oy directions and orthogonal unit vectors |x) and |y) 
in the xOy plane forming an orthonormal basis in this plane. The most general state of 
linear polarization in the 7, direction will correspond to the vector |@) in the xOy plane: 


|0) = cos O|x) +sin Oly), (3) 
which also has unit norm: 
(|) = cos? 6+sin’ 6 = 1. 


The fundamental reason for using a vector space to describe polarization is the super- 
position principle: a polarization state can be decomposed into two (or more) other states, 
or, conversely, two polarization states can be added together vectorially. To illustrate 
decomposition, let us imagine that a wave polarized in the n, direction passes through 
a second polarizer, called an analyzer, oriented in the n, direction of the xOy plane 
making an angle a with Ox (Fig. 3.1). Only the component of the electric field in the 
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n, direction, that is, the projection of the field on n,, will be transmitted. The amplitude 
of the electric field will be multiplied by a factor cos(@— q@) and the light intensity at the 
exit from the analyzer will be reduced by a factor cos?(@— a). We shall use a(0 > @) 
to denote the projection factor, which we refer to as the amplitude of the ni, polarization 
in the n, direction. This amplitude is just the scalar product of the vectors |@) and |a): 


a(6 — a) = (a|@) = cos(0— a) = fi, - Ny. (3.4) 
The intensity at the exit of the analyzer is given by the Malus law: 
JI =IJ\a(0 > a)|? = Jy|(a|O)|? = Jy cos*(0 — a) (3.5) 


if J) is the intensity at the exit of the polarizer. Another illustration of decomposition is 
given by the apparatus of Fig. 3.2. Using a uniaxial birefringent plate perpendicular to 
the direction of propagation and with optical axis lying in the xOz plane, a light beam 
can be decomposed into a wave polarized in the Ox direction and a wave polarized in the 
Oy direction. The wave polarized in the Ox direction propagates in the direction of the 
extraordinary ray refracted at the entrance and exit of the plate, and the wave polarized 
in the Oy direction follows the ordinary ray propagating in a straight line. 

The addition of two polarization states can be illustrated using the apparatus of Fig. 3.3. 
The two beams are recombined by a second birefringent plate, symmetrically located 
relative to the first with respect to a vertical plane, before the beam passes through 
the analyzer.’ In order to simplify the arguments, we shall neglect the phase difference 


- optical axis 
oo. 


birefringent plate 


Fig. 3.2. Decomposition of the polarization by a birefringent plate. The ordinary ray O is polarized 
horizontally, and the extraordinary ray E is polarized vertically. 


' This recombination of amplitudes is possible because two beams from the same source are coherent. Of course, it would be 
impossible to add the amplitudes of two polarized beams from different sources; the situation is identical to that in the case 
of interference. 
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_ optical _ 


Fig. 3.3. Decomposition and recombination of polarizations using birefringent plates. 


originating from the difference between the ordinary and extraordinary indices in the 
birefringent plates (equivalently, we can imagine that this difference is cancelled by an 
intermediate birefringent plate which is oriented appropriately; see Exercise 3.3.1). Under 
these conditions the light wave at the exit of the second birefringent plate is polarized in 
the 7, direction. The recombination of the two x and y beams gives the initial light beam 
polarized in the 7, direction, and the intensity at the exit of the analyzer is reduced as 
before by a factor cos?(@— a). 

If we limit ourselves to linear polarization states, we can describe any polarization state 
as a real unit vector in the xOy plane, in which a possible orthonormal basis is constructed 
from the vectors |x) and |y). However, if we want to describe an arbitrary polarization, 
we need to introduce a two-dimensional complex vector space A(. This space will be the 
vector space of the polarization states. Let us return to the general case (3.1), introducing 
complex notation E= (E,, &,) for the wave amplitudes: 


ae => Eye, gy => Bie es (3.6) 
which allows us to write (3.1) in the form 


E(t) = Eo. cos(wt = 6.) —Re (Ep,c°e ™) = Re (ée) ; ? 
7 
E,(t) = Ep, cos(wt — 5,) = Re (E,,ee#") = Re (E,e7'). 


We have already noted that owing to the arbitrariness of the time origin, only the 
relative phase 6 = (6, —6,) is physically relevant and we can multiply €, and €, by 
a common phase factor exp(i8) without any physical consequences. For example, it is 
always possible to choose 6, = 0. The light intensity is given by (3.2): 


T=k(EP+1E,)) = KEP = KES. (3.8) 


An important special case of (3.7) is that of circular polarization, where Eo, = Eoy = 
E,/V2 and 6, = 77/2 (we have conventionally chosen 6, = 0). If 6, = +77/2, the tip 
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of the electric field vector traces a circle in the xOy plane in the counterclockwise sense. 
The components E,(t) and E,(t) are given by 


E,(t) = Re {| —e “ ] = —cosat, 
©) (4 /2 


Ba. oe. E E 
Ett) = Re (emer") = —2 cos(wt — 7/2) = —sin ot. 
: J2 J2 v2 
An observer at whom the light wave arrives sees the tip of the electric field vector 
tracing a circle of radius E,//2 counterclockwise in the xOy plane. The corresponding 
polarization is termed right-handed circular polarization.2, When 6, = —77/2, we obtain 
left-handed circular polarization — the circle is traced in the clockwise sense: 


(3.9) 


Ey: E 
E,(t) =Re <te-) = —2 cos wt, 
@ (= J/2 


(3.10) 
E,(t) =Re (tere?) ee cos(wt+ 7/2) = _ Fo sin wf 
2 2 we 
These right- and left-handed circular polarization states are obtained experimentally start- 
ing from linear polarization at an angle of 45° to the axes and then introducing a phase 
shift 7/2 of the field in the Ox or Oy direction by means of a quarter-wave plate. 
In complex notation the fields €, and €, are written as 


1 1 
G.=—a Ep ,=—=E 
fa OP 
where the + sign corresponds to right-handed circular polarization and the — to left- 
handed. The proportionality factor E, common to €, and €, defines the intensity of the 
light wave and plays no role in describing the polarization, which is characterized by the 
normalized vectors 


22 
V2 


1 


IR) = (Ix) +ily)), IL) = 4=(|x) —ily)) J. (3.11) 


J2 


The overall minus sign in the definition of |R) has been introduced to be consistent with 
the conventions of Chapter 10. Equation (3.11) shows that the mathematical description 
of polarization leads naturally to the use of unit vectors in a complex two-dimensional 
vector space Hl, in which the vectors |x) and |y) form one possible orthonormal basis. 


> See Fig. 10.8. Our definition of right- and left-handed circular polarization is the one used in elementary particle physics. 
With this definition, right- (left-) handed circular polarization corresponds to positive (negative) helicity, that is, to projection 
of the photon spin on the direction of propagation equal to +h (—h). However, this definition is not universal; optical 
physicists often use the opposite, but, as one of them has remarked (E. Hecht, Optics, New York: Addison-Wesley (1987), 
Chapter 8): “This choice of terminology is admittedly a bit awkward. Yet its use in optics is fairly common, even though it 
is completely antithetic to the more reasonable convention adopted in elementary particle physics.” 
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Above we have established the correspondence between linear polarization in the ng 
direction and the unit vector |@) of A’, as well as the correspondence between the two 
circular polarizations and the two vectors (3.11) of H. We are now going to generalize 
this correspondence by constructing the polarization corresponding to the most general 
normalized vector |®) of H:* 


|b) =Alx)+yuly), [AP + |e)? = 1. (3.12) 


It is always possible to choose A to be real (in Exercise 3.3.2 we show that the physics 
is unaffected if A is complex). The numbers A and yw can then be parametrized by two 
angles 6 and 7: 


A=cos@#, mw=sin Ge!” 


We shall imagine a device containing two birefringent plates and a linear polarizer, on 
which an electromagnetic wave (3.7) is incident. This device will be called a (A, ) 
polarizer. 


e The first birefringent plate changes the phase of €, by —7 while leaving €, unchanged: 
Eee ae, Ee aee 
e The linear polarizer projects on the fi, direction: 
EY + EM = (EM cos 9+ E™ sin 6) ing 
= (E€,cos0+€, sin de") fig. 
e The second birefringent plate leaves é?) unchanged and shifts the phase of E?) by 7: 
EP ES BF EO he ee 


The combination of the three operations is represented by the transformation E> € 
which can be written in terms of components: 
E, = E, cos’ 9+E, sin Ocos Oe" = |A|*E, + Ap*E,, 
- ; (3.13) 
E,, = E, sin cos be + E, sin’ 0 = A*wE, + |wl"E,. 


The operation (3.13) amounts to projection on |®). In fact, if we choose to write the 
vectors |x) and |y) as column vectors 


1 0 
= : = ; 3.14 
Ix) (4) py) (°) (3.14) 
then the projector Py 


Py =|)(P| = (Alx) + uly) ) Al +e Ol) 


3 We shall use upper-case letters |®) or |‘¥) for generic vectors of H of the form (3.12) or (3.16), to avoid any confusion 
with an angle, as for |@) or |q@). 
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is represented by the matrix 
JAP Awe* 
P= F (3.15) 
Me |p? 


We can put the incident field é (3.7) in correspondence with a (non-normalized) vector 
|€) of H with the complex components €, and €,: 


|E) = E,|x) + ly). 


Using |€) we can define a vector |W) normalized to unity by |€) = E,|V): 


|v) =v|x)+oly), |v +o) =1, (3.16) 
where 
é, é 
v=—, o=—. 
Eo Eo 


The normalized vector |) which describes the polarization of the wave (3.7) is called 
the Jones vector. According to (3.13) and (3.15), the electric field at the exit of the (A, w) 
polarizer will be 


JE") = Pal€) = Ep Pal) = Eo|®) (P|). (3.17) 


Now let us generalize everything we have obtained for the linear polarizer to the (A, 2) 
polarizer. The latter projects the polarization state |‘V) onto |®) with amplitude equal to 
(P/V): 

a(Vv > ®) = (®|P). (3.18) 


At the exit of the polarizer the intensity is reduced by a factor |a(W — ®)|? = |(®|W)|?. 
If the polarization state is described by the unit vector |®) (3.12), then the transmission 
through the (A, 2) polarizer is 100%. On the other hand, the polarization state 


[P,) = —p*|x) + A°*ly) (3.19) 


is completely stopped by the (A, ) polarizer. The polarization state (3.16) is in general 
an elliptic polarization. It is easy to determine the characteristics of the corresponding 
ellipse and the direction in which it is traced (Exercise 3.3.2). 

The states |®) and |®, ) form an orthonormal basis of H( obtained from the {|x), |y)} 
basis by a unitary transformation U: 


a 
U= 
In summary, we have shown that any polarization state can be put into correspondence 
with a normalized vector |®) of a two-dimensional complex space AH. The vectors |®) 
and exp(i@)|®) represent the same polarization state. Stated more precisely, a polarization 
state can be put into correspondence with a vector up to a phase. 
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3.1.2 The photon polarization 


Now we shall show that the mathematical formalism used above to describe the polar- 
ization of a light wave can be carried over without modification to the description of the 
polarization of a photon. However, the fact that the mathematical formalism is identical 
in the two cases should not obscure the fact that the physical interpretation is radically 
modified. We shall return to the experiment of Fig. 3.2 and reduce the light intensity 
such that individual photons are registered by the photomultipliers D, and D,, which 
respectively detect photons polarized in the Ox and Oy directions. We then observe the 
following: 


e only one of the two photomultipliers is triggered by a photon incident on the plate. Like the 
neutrons of Chapter 1, the photons arrive in lumps: they are never split. 

e the probability p, (p,) of D, (D,) being triggered by a photon incident on the plate is p, = cos? 6 
(p, = sin’ 6). 


This result must hold true if we want to recover classical optics in the limit where the 
number N of photons is large. In fact, if N, and N, are the numbers of photons detected 
by D, and D,, we must have 


an NG aoe 
Pee yg Py 
and J, « N,=N cos? 6, J, xN,=N sin’ @ in the limit N — oo. However, the fate of an 
individual photon cannot be predicted. We can only know its probability of detection by 
D, or D,. The need to resort to probabilities is an intrinsic feature of quantum physics, 
whereas in classical physics resorting to probabilities is only a way to take into account 
the complexity of a phenomenon whose details we cannot (or do not want to) know. For 
example, when flipping a coin, complete knowledge of the initial conditions under which 
the coin is thrown and inclusion of the air resistance, the state of the ground on which 
the coin lands, etc. permit us in principle to predict the result. Some physicists* have 
suggested that the probabilistic nature of quantum mechanics has an analogous origin: 
if we had access to additional variables which at present we do not know, the so-called 
hidden variables, we would be able to predict with certainty the fate of each individual 
photon. This hidden variable hypothesis has some utility in discussions of the foundations 
of quantum physics. Nevertheless, in Chapter 6 we shall see that, given very plausible 
hypotheses, such variables are excluded by experiment. 

However, probabilities alone provide only a very incomplete description of the pho- 
ton polarization. A complete description requires also the introduction of probability 
amplitudes. Probability amplitudes, which we denote a (the difference between the wave 
amplitudes of the preceding subsection and probability amplitudes is emphasized by using 
different notation: a instead of a), are complex numbers, and probabilities correspond 
to their squared modulus |a|?. To make manifest the incomplete nature of probabilities 


4 Including de Broglie and Bohm. 
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alone, let us again consider the apparatus of Fig. 3.3. Between the two plates a photon 
follows either the trajectory of an extraordinary ray polarized in the Ox direction, called 
an x trajectory, or the trajectory of an ordinary ray polarized in the Oy direction, called a y 
trajectory. According to purely probabilistic reasoning, a photon following an x trajectory 
has probability cos” @ cos” a of being transmitted by the analyzer, and a photon following 
a y trajectory has the corresponding probability sin’@sin°a. The total probability for a 
photon to be transmitted by the analyzer is therefore 


= cos? cos? a+ sin’ 6 sin’ a. (3.20) 


This is not what is found from experiment, which confirms the result obtained earlier 
using wave arguments: 


Das cos”(0 —a). 


A correct reasoning must be based on probability amplitudes, just as before we used 
wave amplitudes. Probability amplitudes obey the same rules as wave amplitudes, which 
guarantees that the results of optics are reproduced when the number of photons N — oo. 
The probability amplitude for a photon linearly polarized in the 7, direction to be polarized 
in the n, direction is given by (3.4): a(@ > a) =cos(0— a) = fig-n,. We obtain the 
following table of probability amplitudes for the experiment of Fig. 3.3: 


a(@— x) =cos0, a(x— a)=cosa, 
a(@— y) =sin@, a(y—>a)=sina. 


This example provides an illustration of the rules governing the combination of probability 
amplitudes. The probability amplitude a, for an incident photon following an x trajectory 
to be transmitted by the analyzer is 


d, = a(0— x)a(x > a) =cos cosa. 


This expression suggests the factorization rule for amplitudes: a, is the product of 
the amplitudes a(@ — x) and a(x — a). This factorization rule guarantees that the 
corresponding rule for the probabilities holds. We also have 


a, =a(0— y)a(y > a) = sin @sina. 


If the experimental setup does not allow us to know which trajectory a photon has 
followed, the amplitudes must be added. The total probability amplitude for a photon to 
be transmitted by the analyzer is then 


Ar = 4, + a, = COS Ocos a + sin # sina = cos(d—a), (3.21) 


and the corresponding probability is cos’(@— a), in agreement with the result (3.5) 
of classical optics. If there is a way to distinguish between the two trajectories, the 
interference is destroyed and the probabilities must be added as in (3.20). 

Since the rules for combining probability amplitudes are the same as those for wave 
amplitudes, these rules will apply if the polarization state of a photon is described by a 
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normalized vector in a two-dimensional vector space A, called the space of states. In the 
present case this is the space of polarization states. When a photon is linearly polarized 
in the Ox (Oy) direction, we can put this polarization state in correspondence with a 
vector |x) (|y)) of this space. Such a polarization state is obtained by allowing a photon 
to pass through a linear polarizer oriented in the Ox (Oy) direction. The probability that 
a photon polarized in the Ox direction will be transmitted by an analyzer oriented in the 
Oy direction is zero: the probability amplitude a(x — y) = 0. Conversely, the probability 
that a photon polarized in the Ox or Oy direction will be transmitted by an analyzer 
oriented in the same direction is equal to unity, and so 


lax > x)l=la(y> yl=1, axe y)=aly> x) =0. 


These relations are satisfied if |x) and |y) form an orthonormal basis of H( and if we 
identify the probability amplitudes as scalar products: 


a(x x)= (lx) =1, a> y=Oly)=1, a> x)= (ly) =0. (3.22) 


The most general /inear polarization state is the state in which the polarization makes an 
angle @ with Ox. This state will be represented by the vector 


|0) = cos O|x) +sin Oly). (3.23) 


Equations (3.22) and (3.23) ensure that the probability amplitudes listed above are cor- 
rectly given by the scalar products, for example, 


a(@ — x) = (x|0) =cos 8, 
or, in general, if |@) is a state of linear polarization, 
a(@ > a) = (a|0) = cos(0—a). 


The most general polarization state will be described by a normalized vector called a 
state vector: 


|b) = Alx)+uly), [AP +|eP = 1. 


As in the wave case, the vectors |®) and exp(iB)|®) represent the same physical state: 
a physical state is represented by a vector up to a phase in the space of states. The 
probability amplitude for finding a polarization state |) in |®) will be given by the 
scalar product (|), and the projection onto a given polarization state will be realized 
by the (A, 2) polarizer described in the preceding subsection. In summary, we have used 
a specific example, that of the polarization of a photon, to illustrate the construction of 
the Hilbert space of states. 

The photon polarization along some (complex) direction is an example of a quantum 
physical property. The interpretation of a quantum physical property differs radically 
from that of a classical physical property. We shall illustrate this by examining the photon 
polarization. At first we limit ourselves to the simplest case, that of a linear polarization 
state. Using a linear polarizer oriented in the Ox direction, we prepare an ensemble of 
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photons all in the state |x). The photons arrive one by one at the polarizer, and all the 
photons which are transmitted by the polarizer are in the state |x). This is the stage 
of preparation of the quantum system, where one only keeps the photons which have 
passed through the polarizer aligned in the Ox direction. The next stage, the fest stage, 
consists of testing this polarization by allowing the photons to pass through a linear 
analyzer. If the analyzer is parallel to Ox the photons are transmitted with unit probability 
and if it is parallel to Oy they are transmitted with zero probability. In both cases the 
result of the test can be predicted with certainty. The physical property “polarization of 
a photon prepared in the state |x)” takes well-defined values if the basis {|x), |y)} is 
chosen for the test. On the other hand, if we use analyzers oriented in the direction ni, 
corresponding to the state |@) (3.23) and in the perpendicular direction 7, corresponding 
to the state 


|6, ) = —sin 6|x) +cos 6|y), (3.24) 


we can predict only the transmission probability |(6|x)|? = cos’@ in the first case and 
|(@, |x)|? = sin’ @ in the second. The physical property “polarization of the photon in 
the state |x)” has no well-defined value in the basis {|@),|6,)}. In other words, the 
physical property “polarization” is associated with a given basis, and the two bases 
{|x), |y)} and {|@),|@,)} are termed incompatible (except when 6 = 0 and 6 = 7/2). 
Complementary bases are a special case of incompatible ones: in a Hilbert space of 
dimension N, two bases {|m)} and {|2)} are termed complementary if |(m|w)|? = 1/N 
for all m and wp. 

The preceding discussion should be made more precise in two respects. First, it is 
clearly impossible to test the polarization of an isolated photon. The polarization test 
requires that we are provided with a number N > | of photons prepared under identical 


conditions. Let us then suppose that NV photons have been prepared in a certain polarization 
state and that they are tested by a linear analyzer oriented in the Ox direction. If we 
find — within the experimental accuracy of the apparatus — that the photons pass through 
the analyzer with a probability of 100%, we can deduce that the photons have been 
prepared in the state |x). The observation of a single photon obviously does not allow us 
to arrive at this conclusion, unless we know beforehand in which basis it was prepared. 
The second point is that even if the photons are transmitted with a probability cos”@, we 
cannot deduce that they have been prepared in the linear polarization state (3.23). In fact, 
we will observe the same transmission probability if the photons have been prepared in 
an elliptic polarization state (3.12) with 


A\=cos Oe, jp =sinde. 
Only a test whose results have probability 0 or | allows the photon polarization state to 


be determined unambiguously with one orientation of the analyzer. Otherwise, a second 
orientation will be necessary to determine the phases. 
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In the representation (3.14) of the basis vectors of A, the projectors P, and P, onto 
the states |x) and |y) are represented by matrices 


1 0 0 0 
r=( 0): r=() :) 


which commute: [P,, P,,] = 0. The two operators are compatible according to the defini- 
tion of Section 2.3.3. The projectors P, and P, can be calculated directly from (3.15): 


5 . “2 _ 
P= ( cos*@ ee) ”, =( sin’ 6 ca) 


sin 0 cos 8 sin’6 a — sin @cos 0 cos*@ 


They commute with each other, but not with either P, or P,: P, and P,, for example, are 
incompatible. The commutation (or noncommutation) of operators is the mathematical 
translation of the compatibility (or incompatibility) of physical properties. 

As another choice of basis we can use the right- and left-handed circular polarization 
states |R) and |L) of (3.11). The basis {|R),|L)} is incompatible with any basis con- 
structed using linear polarization states, and in fact complementary to any such basis. The 
projectors Pp and P,, onto these circular polarization states are 


Ifl -i Ly a 4 


We can use Py and P, to construct the remarkable Hermitian operator &.: 


(3.26) 


This operator has the states |R) and |L) as its eigenvectors, and their respective eigen- 
values are +1 and —1: 


SIRS IR), 3; 


L) =-IL). (3.27) 


This result suggests that the Hermitian operator {, with eigenvectors |R) and |L) 
is associated with the physical property called “circular polarization.” We shall see 
in Chapter 10 that hY, = J, is the operator representing the physical property called 
“z component of the photon angular momentum (or spin).”» We also observe that 
exp(—i@.) is an operator which performs rotations by an angle @ about the Oz axis, as 
can be seen from a simple calculation (Exercise 3.3.3) 


(3.28) 


miceey= ( cosé —sin@ ) 


sin@ cos@ 
and exp(—i@.) transforms the state |x) into the state |@) and |y) into |6, ): 


exp(—i6¥.)|x) = 18), exp(—i.)|y) = |6,). (3.29) 
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3.1.3 Quantum cryptography 


Quantum cryptography is a recent invention based on the incompatibility of two different 
bases of linear polarization states. Ordinary cryptography makes use of an encryption key 
known only to the transmitter and receiver. This is called secret-key cryptography. It is 
in principle very secure,’ but it is necessary that the transmitter and receiver be able to 
exchange the key without its being intercepted by a spy. The key must be changed often, 
because a set of messages encoded using the same key can reveal regularities which 
permit decipherment by a third party. The process of transmitting a secret key is risky, and 
for this reason it is preferable to use systems based on a different principle, the so-called 
public-key systems, where the key is made public, for example via the Internet. A public- 
key system currently in use is based on the difficulty of factoring a very large number 
N into primes,° whereas the reverse operation is straightforward: without a calculator 
one can obtain 137 x 53 = 7261 in a few seconds, but given 7261 it would take some 
time to factor it into primes. The number of instructions needed for a computer using 
the best modern algorithms to factor a number N into primes grows with N roughly as 
exp[(In N)!/].” In a public-key system, the receiver, conventionally named Bob, publicly 
sends to the transmitter, conventionally named Alice, a very large number N = pg which 
is the product of two primes p and gq, as well a number c having no common factor with 
(p—1)(q—1). Knowledge of N and c is sufficient for Alice to encrypt the message, but 
decipherment requires knowing the numbers p and q. Of course, a spy, conventionally 
named Eve, possessing a sufficiently powerful computer and enough time can manage 
to crack the code, but in general one can count on keeping the contents of the message 
secret for a limited period of time. However, it is not impossible that eventually very 
powerful algorithms will be found for factoring a number into primes, and, moreover, if 
quantum computers (Section 6.4.2) ever see the light of day, they will push the limits 
of factorization very far. Fortunately, thanks to quantum mechanics we are nearly at the 
point of being able to counteract the efforts of spies. 

“Quantum cryptography” is a catchy phrase, but somewhat inaccurate. The point is not 
that a message is encrypted using quantum physics, but rather that quantum physics is 
used to ensure that the key has been transmitted securely: a more accurate terminology is 
thus “quantum key distribution” (QKD). A message, encrypted or not, can be transmitted 
using the two orthogonal linear polarization states of a photon, for example, |x) and |y). 
We can adopt the convention of assigning the value 1 to the polarization |x) and 0 to the 
polarization |y); then each photon transports a bit of information. The entire message, 
encrypted or not, can be written in binary code, that is, as a series of ones and zeros, 
and the message 1001110 can be encoded by Alice using the photon sequence xyyxxxy 
and then sent to Bob via, for example, an optical fiber. Using a birefringent plate, Bob 


> An absolutely secure encryption was discovered by Vernam in 1917. However, absolute security requires that the key be as 
long as the message and that it be used only a single time! 

© Called RSA encryption, discovered by Rivest, Shamir, and Adleman in 1977. 

7 At present the best factorization algorithm requires a number of operations ~ exp[1.9(In N)!/3 (In In N)*/3]. One cannot hope 
to factor numbers with more than 180 figures (~107° instructions) in a reasonable amount of time. 
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will separate the photons of vertical and horizontal polarization as in Fig. 3.2, and two 
detectors located behind the plate will permit him to decide if a photon was horizontally 
or vertically polarized. In this way he can reconstruct the message. If this were an ordinary 
message, there would of course be much simpler and more efficient methods of sending 
it! At this point, let us just note that if Eve eavesdrops on the fiber, detects the photons 
and their polarization, and then sends to Bob other photons with the same polarization 
as the ones sent by Alice, Bob is none the wiser. The situation would be the same for 
any device functioning in a classical manner, that is, any device that does not use the 
superposition principle: if the spy takes sufficient precautions, the spying is undetectable, 
because she can send a signal that is arbitrarily close to the original one. 

This is where quantum mechanics and the superposition principle come to the aid of 
Alice and Bob, allowing them to be sure that their message has not been intercepted. The 
message need not be long (the method of transmission via polarization is not very effi- 
cient). The idea in general is to transmit the key permiting encryption of a later message, 
a key which can be replaced when necessary. Alice sends Bob four types of photon: 
photons polarized along Ox (4) and Oy (<>) as before, and photons polarized along axes 
rotated by +45°, that is, Ox’ ('\) and Oy’ (7), respectively corresponding to bits 1 and 0. 
Again Bob analyzes the photons sent by Alice, now using analyzers oriented in four 
directions, vertical/horizontal and +45°. One possibility is to use a birefringent crystal 
randomly oriented vertically or at 45° from the vertical and to detect the photons leaving 
this crystal as in Fig. 3.3. However, instead of rotating the crystal+detector ensemble, it 
is easier to use a Pockels cell, which allows a given polarization to be transformed into 
one of arbitrary orientation while keeping the crystal+detector ensemble fixed (Fig. 3.4). 
Bob records 1 if the photon has polarization ¢ or '\, and 0 if it has polarization = or 7. 
After recording a sufficient number of photons, Bob announces publicly the analyzer 
sequence he has used, but not his results. Alice compares her polarizer sequence to that 
of Bob and also publicly gives him the list of polarizers compatible with his analyzers. 
The bits corresponding to incompatible analyzers and polarizers are rejected (—), and, 
for the other bits, Alice and Bob are certain that their values are the same. It is these 
bits which will serve to construct the key, and they are known only to Bob and Alice, 
because an outsider knows only the list of orientations and not the results. An example 
of photon exchanges between Alice and Bob is given in Fig. 3.5. 


laser ia . NI 
Alice (a) (b) Bob 
Attenuator Detector 
Fig. 3.4. The BB84 protocol. An attenuted laser beam allows Alice to send individual photons. 


A birefringent crystal selects a given linear polarization, which can be rotated thanks to a Pockels 
cell P. The photons are polarized, either vertically/horizontally (a), or to +45° (b). 
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sequence of bits 


a PEDEEHEDSIREEED 


retained bits 


Fig. 3.5. Quantum cryptography: transmission of polarized photons between Bob and Alice. 


The only thing left is to ensure that the message has not been intercepted and that the 
key it contains can be used without risk. Alice and Bob randomly choose a subset of 
their key and compare it publicly. If Eve has intercepted the photons, this will result in a 
reduction of the correlation between the values of their bits. Suppose, for example, that 
Alice sends a photon polarized in the Ox direction. If Eve intercepts it using a polarizer 
oriented in the Ox’ direction, and if the photon is transmitted by her analyzer, she does 
not know that this photon was initially polarized along the Ox direction, and so she 
resends Bob a photon polarized in the Ox’ direction, and in 50% of cases Bob will not 
obtain the right result. Since Eve has one chance in two of orienting her analyzer in the 
right direction, Alice and Bob will register a difference in 25% of cases and conclude 
that the message has been intercepted. The use of two complementary bases maximizes 
the security of the BB84 protocol. Of course, this discussion is greatly simplified. It does 
not take into account the possibilities of errors which must be corrected, and moreover it 
is based on recording impacts of isolated photons, while in practice one sends packets of 
coherent states with a small ((n) ~ 0.1) average number of photons by using an attenuated 
laser beam.® Nevertheless, the method is correct in principle, and, to this day, two devices 
capable of realizing transmissions over several tens of kilometers are available on the 
market. 


3.2 Spin 1/2 
3.2.1 Angular momentum and magnetic moment in classical physics 


Our second example of an elementary quantum system will be that of spin 1/2. Since for 
such a system there is no classical wave limit as there is in the case of the photon, our 
classical discussion will be much shorter than that of the preceding section. We consider 
a particle of mass m and charge g describing a closed orbit in the field of a central 
force (Fig. 3.6). We denote the position and momentum of this particle as 7(t) and p(t). 


8 In the case of the transmission of isolated photons, the theorem of quantum cloning (Section 6.4.2) guarantees that it is 
impossible for Eve to fool Bob. However, Eve can slightly reduce her error rate by using a more sophisticated method: see 
Exercise 15.5.3. 
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Fig. 3.6. The gyromagnetic ratio. 


Let dA be the oriented element of area swept out by the radius vector. It satisfies the 
relation 

dA ‘re | 

= —rxp=— 

dt 2m? 
where 7 is the angular momentum. We recall that for motion in a central force field, the 
angular momentum is a fixed vector perpendicular to the orbital plane. Integrating over 
a period, we can relate the total oriented area of the orbit A to 7 and to the period T: 


The current induced by the charge is J = g/T because the charge g passes a given point 
1/T times per second, and the magnetic moment j induced by this current will be 


(3.30) 


The gyromagnetic ratio y defined by (3.30) is g/2m. The motion of the electrons inside 
an atom gives rise to atomic magnetism and the motion of protons inside atomic nuclei 
gives rise to nuclear magnetism. However, the motion of the charges cannot quantitatively 
explain either atomic magnetism or nuclear magnetism. It must be assumed that particles 
have an intrinsic magnetism. Experiment shows that elementary particles of nonzero 
spin carry a magnetic moment associated with an intrinsic angular momentum, called 
the spin of the particle, which we denote as s. We can try to represent this angular 
momentum intuitively as arising from rotation of the particle about its axis. Such a picture 
may be useful, but it should not be taken very seriously, as it leads to insurmountable 
contradictions if pushed too far. Only quantum mechanics can give a correct description 
of spin. Experiments show that the electron, the proton, and the neutron have spin sh. The 
factor h is often omitted, and it is simply said that the electron, proton, and neutron are 
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spin-1/2 particles. The gyromagnetic ratio associated with spin is different from (3.30). 
For example, for the electron? and the proton we have 


éléctron ? y= 2 de , proton: y, = aso, 
2m, P 2m, 
where (4., 4) = —q.) and (m,, m,) are the charges and masses of the electron and proton. 


Moreover, even though its charge is zero, the neutron possesses a magnetic moment. Its 
gyromagnetic ratio is given by 


Atomic magnetism arises from the electron motion (orbital magnetism) combined with 
the magnetism associated with the electron spin. The magnetism of atomic nuclei arises 
from the proton motion and the magnetism associated with the spins of the neutrons and 
protons. Equation (3.30) shows that the gyromagnetic ratio is inversely proportional to 
the mass: magnetism of nuclear origin is weaker than that of electron origin by a factor 
~m,/m, © 1/1000. In spite of this suppression, nuclear magnetism is of great practical 
importance as it lies at the basis of nuclear magnetic resonance (NMR; see Section 5.2.3) 
and derived technologies such as magnetic resonance imaging (MRI). 

Let us use classical physics to study the motion of a magnetic moment jp in a constant 
magnetic field B. This magnetic moment is subject to a torque r= ex B, and the equation 
of motion is 

a | 
—=px =S0 0 oe 


= (3.31) 


This equation implies that s and jg rotate about B with constant angular speed w = 
—qB/2m called the Larmor frequency. It is convenient to assign an algebraic value to 
w: the rotation occurs in the counterclockwise sense for g < 0 (w > 0). This rotational 
motion is called Larmor precession (Fig. 3.7). 


3.2.2 The Stern—Gerlach experiment and Stern—Gerlach filters 


The experiment performed by Stern and Gerlach in 1921 is shown schematically in 
Fig. 3.8. A beam of silver atoms leaves an oven and is collimated by two slits, then passes 
between the poles of a magnet with the magnetic field pointing in the Oz direction.'° The 
magnetic field is nonuniform: B, is a function of z. A silver atom possesses a magnetic 
moment due to that of its valence electron. From the point of view of the magnetic 
forces, it is just as though an electron were passing through the magnet gap. However, 
the dynamics is simplified owing to the absence of the Lorentz force, as the silver atom 
is electrically neutral; moreover, the electron mass is replaced by the atomic mass. The 


° Up to corrections of order 0.1%, which can be calculated using quantum electrodynamics. 
'0 The reader will note that the orientation of the axes is different from that in the preceding section; the direction of propagation 
is now the Oy direction. This new choice is made in order to conform with the usual conventions. 
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ant) 


collimating slits 


magnet 


Fig. 3.8. The Stern—Gerlach experiment. 


potential energy U of a magnetic moment in BisU= —[L: B, and the corresponding 
force is 
> o> OB. 
PSV, Lp, 5 =. (3:32) 
kg 


In reality, B cannot be strictly parallel to Oz; if B= (0,0, B), 0B/dz £0 is incompatible 
with the Maxwell equation V-B=0.A complete justification of (3.32) can be found 
in Exercise 9.7.13, where it is shown that this expression gives the effective force on 
an atom. When the magnetic field is zero, the atoms arrive in the vicinity of a point on 
the screen and form a spot of finite size owing to their velocity spread, as they are not 
perfectly collimated. The orientation of the magnetic moments at the exit of the oven is 
a priori random, and when a magnetic field is present we would expect the spot to be 
larger: the atoms with magnetic moment #4 antiparallel to Oz should undergo maximal 
upward deflection for (0B,/dz) <0, while those with 1 parallel to Oz should undergo 
maximal downward deflection, with all intermediate deflections being possible. But in 
fact it is observed experimentally that there are two spots symmetrically located about 
the point of arrival in the absence of a magnetic field. It is as though w., and thus s,, 
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could take two and only two values, and we find'' that they correspond to s, = th/2, 
i.e., 5, is quantized. We note that since the gyromagnetic ratio is negative (y < 0), upward 
(downward) deflection corresponds to s, > 0 (< 0). The Stern—Gerlach apparatus acts like 
the birefringent plate of Fig. 3.2: at the exit of the device the atom follows a trajectory!” 
on which its spin points either up, s, = +h/2, or down, s, = —h/2. The analogy with 
photon polarization suggests that the space of spin-1/2 states is a two-dimensional vector 
space, which is in fact the case. A possible basis in this space is formed by the two vectors 
|+) and |—) describing the physical states obtained by selecting atoms deflected upward 
or downward by the Stern—Gerlach device and respectively corresponding to s, = +h/2 
and —h/2. The states |+) and |—) are called “spin up” and “spin down.” These spin 
states are the analog of the two orthogonal polarization states |®) and |®, ) in the case 
of photons.!? 

The apparatus shown schematically in Fig. 3.9 can be used to recombine atoms deflected 
upward or downward along a single trajectory, just as the set of two birefringent plates 
of Fig. 3.3 allows the trajectories of photons polarized in the Ox and Oy directions to 
be recombined. This apparatus, which we shall refer to as a Stern—Gerlach filter, was 
not actually realized experimentally by Stern and Gerlach. It was imagined 40 years 
later by Wigner, and it allows us to illustrate the following theoretical argument. If two 
Stern—Gerlach filters are located one after the other with the same orientation of B and, 
for example, the two lower paths are blocked (Fig. 3.10(a)), then it can be stated that 
100% of the atoms that pass through the first filter will also be transmitted by the second, 
just as a photon selected by a polarizer oriented in the Ox direction is transmitted with 
100% probability by an analyzer of the same orientation. If, on the other hand, the lower 
path is blocked in the first filter and the upper one in the second filter (Fig. 3.10(b)), then 
not a single atom is transmitted, just as no photons are transmitted if the analyzer and 
polarizer are orthogonal. As in the preceding section, these results can be expressed by 


Fig. 3.9. A Stern—Gerlach filter. 


'l Knowledge of 9B, /dz and y makes it possible in principle to obtain s, from the deflection; see Exercise 9.7.13. 

!2 Tt can be shown (Exercise 9.7.13) that the trajectories can be treated classically. 

This analogy should not be pushed too far; as we shall see in Chapter 10, the photon has spin h, not h/2. Spin A normally 
has three possible polarization states. However, in the case of the photon there are only two because the photon is massless. 


13 
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Fig. 3.10. Stern—Gerlach filters in series. 


writing the probability amplitudes a(+ — +) and a(+ — —) as scalar products of the 


basis vectors: !* 


a(+> +) =(4/4+)=1, a(—>-)=(-|-)=1, a(+> -) =(-|+) =0. (3.33) 


If the vectors |+) and |—) are represented as column vectors 


H=(5). /=(). (3.34) 


the most general (normalized) state vector |y) € AC can be written as 


Waeene he ee w=("). (3.35) 


The vectors |+) and |—) can be used to construct a Hermitian operator S. such that these 
vectors are eigenvectors of S, with eigenvalues th/2: 


1 1 1 1 O 
$,= 5h(I4)C+1—|-)-l) = 5A(P,.-P_)= sh ae ) , (3.36) 
where P, and P_ are projectors on the states |+) and |—). With the physical property 
S,, the z component of the spin, we associate a Hermitian operator S, acting in the space 
of states A(. The vectors |+) and |—) are also called eigenstates of S., and they form the 
basis in which S. is diagonal. In this basis S. is represented by a diagonal matrix (3.36). 
The physical property corresponding to the z component of the spin takes the well-defined 
value +h/2 or —h/2 if the state vector |v) is |+) or |—). 


3.2.3 Spin states of arbitrary orientation 


Let us pursue the analogy with photon polarization and rotate the magnetic field in the 
Stern—Gerlach filter so that it points in the n direction. Then only the magnetic field 
component B, = B-fA is nonzero. With this new orientation the Stern—Gerlach filter 
will produce states denoted as |+, 7) and |—, 7) which are obtained by selecting atoms 


'4 More rigorously, we know only that |a(+ > +)| = |a(— > —)| = 1, but a suitable choice of phase always leads to (3.33). 


3.2 Spin 1/2 81 


deflected respectively in the direction of # and opposite to it.!° By analogy with the case 
of photons, we say that the spin 1/2 is polarized in the direction +n or —/. We proceed 
as in the discussion of photon polarization, with the first Stern—Gerlach filter acting as 
the polarizer; its magnetic field is oriented in the Oz direction and selects spins in the 
state |+). The second filter has its magnetic field oriented in the n direction and acts as 
the analyzer. It allows experimental measurement of the probabilities p(+ — [+,7]) = 
|(+, m|+)|? and p(+ > [—, 7]) = |(—, n|+)|?; as in the preceding section, we assume 
that these probabilities are given by the squared modulus of a scalar product. Like the 
states'® |+) and |—), the states |+, 7) and |—, 7) are orthogonal: (+, 7|—, 7) = 0. If the 
polarizer and analyzer are oriented in the same direction, a state prepared by the polarizer 
is transmitted with 100% probability by the analyzer. If their orientations are opposite!” 
there is 0% transmission probability. The result of testing the polarization is certain. 
If the directions are not the same, we observe only a certain transmission probability. 
Just as the bases of photon polarization states {|x), |y)} and {|6), |@,)} are incompatible 
(Section 3.1.2), the bases {|+),|—)} and {|+, 7), |—,7)} are incompatible for states of 
spin 1/2. 

Now let us determine the transmission probabilities using the invariance under rotation, 
i.e., the fact that the physics of the problem cannot depend on the orientation of the axes. 
The first consequence of this invariance is that the Oz direction is in no way special, 
and so there must exist a Hermitian operator S$; = S-A, the spin projection on the 7 axis, 
which has eigenvalues /2 and —f/2 and takes the form (3.36) in a basis {|+, 2), |—, n)} 
which we must determine. The operator S; is written as a function of its eigenvalues and 
eigenvectors as 


1 ‘ i : ‘ 
S, = 5h( I+. A)(+, Al —[-, a)(—, A). (3.37) 
We introduce the concept of the expectation value of the spin component in the n 
direction, which we denote (S,). Since deflection in the direction +n corresponds to a 
value s, = +h/2 when the spin is in an arbitrary state |v), this expectation value, denoted 
(S;,), will be given by 


(S;) = (Ply > [+ A) — p(y > [-A)) 


= Sn( (xl A+ ily) — (l= )(— fly) 


N 


= (xlgh(+. A) Al—[-, ay fl) a) 


= (X15; |X). (3.38) 


'5 This presupposes that we know how to change the electron propagation direction to make it orthogonal to #. Since we are 
discussing a “thought experiment,” we shall not dwell on how this can be done in practice. 

'© Thus |+) and |—) are shorthand notations for |+, 2) and |—, 2). 

'7 And not orthogonal as in the case of photons! 
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The matrix representing S,, in the basis (3.34) in which S, is diagonal is a priori given by 
the most general Hermitian 2 x 2 matrix with eigenvalues +h/2: 


1 a b 1 
a= — —hA . 
S; sh( aa ) sha, (3.39) 


where a and c are real numbers. The equation for the eigenvalues A, of the matrix A is 
dN —(a+c)A+ac—|b|*? =0. 
We must have A, +A_ =0 and A, A_ = —I1, and so 
at+c=0, ac—|b?}=-1>a’?+|b)? =1. 


We parametrize a and b using the two angles a and B: a=cos B and b = exp(—ia) sin B. 
Then for S; we find 


ae cosB e “sinB 
a sh e'*sinB —cosB ) Bao) 
where the eigenvectors up to a phase are (cf. (2.35)) 
e 2/2 cos B/2 —e'2/? sin B/2 
M=( ay. » fae [ ; 3.41 
re ( ei¢/? sin B/2 ) an ( ei@/2 cos B/2 ) may 


3.2.4 Rotation of spin 1/2 


We still need to find a geometrical interpretation for the angles a and 8. We shall hypoth- 
esize that the expectation value (S ), which has components ((S,), (S,), (S,)), transforms 
under rotation as a vector in a three-dimensional space, that is, as the corresponding 
classical object s. Again we use the polarizer/analyzer experiment. First we have the 
magnetic fields of the polarizer and the analyzer point in the Oz direction. We know 
that in 100% of cases the spins pass through the analyzer. If the field of the analyzer is 
oriented antiparallel to Oz none of the spins is transmitted. We can express this result 
as follows. At the exit of the polarizer the expectation value of S,, that is, (S_), is equal 
to h/2. Now we orient the magnetic field of the analyzer in the Ox direction. It can be 
verified experimentally that the spins now have one chance in two of being deflected 
toward positive x and one chance in two of being deflected toward negative x, which 
corresponds to expectation value of S$, equal to zero: (S,) = 0. This result is not unex- 
pected. One argument for it is based on classical reasoning: a classical spin parallel to Oz 
is not deflected by a field gradient in the Ox direction. A second, more general argument 
is based on rotational invariance.'® In our problem the spin variables are decoupled from 
the spatial variables associated with the propagation of the atom and, for spin rotations, 


'8 Tt is also possible to invoke parity invariance without resorting to the decoupling of the spin and spatial variables; see 
Exercise 9.7.13. 
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the system is invariant under rotations about the Oz direction: in the absence of a privi- 
leged direction in the xOy plane, (S,) = (S,) =0. The vector (S ) then has components 
(0,0, h/2). 

Let us now suppose that the experimentalist decides to use the set of axes x’Oz’ 
obtained from xOz by a rotation of angle —6 about Oy (Fig. 3.11(a)). If (S ) is a vector, 
its components in the new set of axes will be +h(sin 0,0, cos 8). An equivalent physical 
situation is obtained by keeping the original set of axes and orienting the magnetic field 
gradient of the polarizer in the direction making an angle 6 with Oz (Fig. 3.11(b)).'° The 
polarizer then prepares the spins in a state which we denote |+, /,). The expectation 
values become 


‘ F h. : " h 
(S,) = (Hs fill, fig) = 5 sin 8, (S.) = (+, fil S,[+, 9) = 50088. (3.42) 


In general, the magnetic field B of the polarizer can be oriented in any direction 7: the 
polarizer prepares the spins in the state |+, 7). Let 0 and @ be the polar and azimuthal 
angles defining the direction of 7 (Fig. 3.12). Direct generalization of the preceding 
argument shows that the expectation values of S then become 


x? 


h h 
(S,) = (+, alS,|+, 2) = 5 sin Ocos d = 5” 


h h 
(S,) = (+, alS,|+, 2) = 5 sin Osin d = 7% (3.43) 
h h 
(S.) = (+, n|S_|+, 7) = = cosé = =n., 
& 4 2 2 & 
or, in vector notation, 
a oss i h. 
(S) = (+, n|S|+, 2) = 5h (3.44) 


(a) 


Fig. 3.11. (a) (S) in two sets of axes. (b) Rotation of (S). 


'9 We shall see in Section 8.1.1 that this amounts to going from a passive to an active point of view for a symmetry operation. 
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Fig. 3.12. Orientation of 7. 


We went through a rather detailed and lengthy argument leading to (3.44), but we could 
have taken a shortcut by noting that the only vector at our disposal is n, and (S) is 
necessarily parallel to 7, whence (3.44). Let us now calculate the expectation values 
taking into account (3.41): 


h 


Ss a (cos* B/2 — sin* B/2) = * cos B. 


We must therefore have 8 = +6. We choose the solution 6 = 6 and calculate the matrices 
representing S, and S, in the basis (3.34). Since 6 = B = 7/2 in both cases, (3.40) 


becomes 
1 0 eis ] 0 ely 
ma sh( elt 0 ) a, sh ei% 0 ) 


This gives the expectation values 
(S.) = shisin Ocos(a—a@,), (S,) = shin Ocos(a—a,). 
By identification with (3.43) we obtain 
cos(a—a,)=cosd, cos(a—a,) =sing. (3.45) 
The solution of (3.45) is not unique;”’ we shall adopt by convention 
a,=0, a,=7/2. 


With this choice a = ¢ and the operators S,, S,, and S_ in the basis (3.34) take the form 


1 1 
5, = ads S, = xha 


I 
y= sho, S.= 5ho,, (3.46) 


20 The other solutions correspond to the set of axes obtained by rotating the Ox and Oy axes about Oz, or to the set of axes 
obtained by inversion of Oy; cf. Exercise 3.3.4. 
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The matrices o,, 0,, and a, are called the Pauli matrices: 


0 1 0 -i 1 0 
= a7 , = 7 
lio) eae) ee 
These matrices satisfy the following important, frequently used relations: 
= a, = o- =I, 0,0,=i0, and permutations, (3.48) 
which can be written compactly as 
k 


where the indices (i, j,k) take the values (x, y,z), and €;, is the completely antisym- 
metric tensor, equal to +1 if (ijk) is a cyclic permutation of (xyz), —1 for a noncyclic 
permutation, and zero otherwise.’ An equivalent form of (3.49) is the following: if a 
and b are two vectors, then 


(¢-a)(G-b) =a4-b+ia- (ax b), (3.50) 
which is readily deduced from the form of the vector product 
isk 


Equation (3.49) also implies the commutation relations” 
k 


or equivalently for the spin components 


[5.8] Sah eS, |: (3.53) 
k 


The Pauli matrices together with the identity matrix / form a basis for the vector space 
of matrices on A. Any 2 x 2 matrix can be written as 


A=AI+>D Ao; (3.54) 


where the coefficients A, and A; are real for a Hermitian matrix A = A‘ and are given by 
(Exercise 3.3.5) 


1 1 
Ao => ee A; => geen (3.55) 


21 For example, &.. = 1, &,, =—1, and &,,, =0. 
2 If the indices are written out explicitly, we have [c,, o,| = 2io, along with the two other relations obtained by cyclic 
permutation of the indices (x, y, z). 
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Since the Pauli matrices form a basis for the matrices acting in any two-dimensional 
Hilbert space, they are often used in problems where the space of states is two- 
dimensional, even if the physical situation has nothing to do with spin 1/2. For example, 
they are very useful for dealing with a common model in atomic physics, that of the 
“two-level atom” (see Sections 5.4 and 14.4.1). 

The eigenvectors |+, 7) and |—, 7) of S, = Sha -n are derived from (3.41) with B = 0 
and a= @: 


e!/2 cos 0/2 —ei¢/? sin 9/2 
M=( aoe > anal. ; 3.56 
I+, A) ( ei?/2 sin 8/2 ) an ( ei/2 cos 0/2 ) 20) 


The states |+, 7) and |—, 7) are obtained by transforming |+) and |—) by a rotation that 
aligns the Oz azis with n. A possible choice which is consistent with that which will be 
made in Chapter 10 is to rotate first by an angle 0 about Oy, then rotate by an angle ¢ 
about Oz. Then (3.56) can be written as 


I+, #) = DY? (0, )|-+) + D&? (6, 4)|-), 


— ay _ plt/2) (1/2) = Cel) 
|—, 1) = D,-" (6, &)|+) + DE“"(9, b)|-). 


This equation defines a matrix D“/?)(6, @), called the rotation matrix for spin 1/2:* 


cies e'?/2 cos 6/2 —e!*/? sin 6/2 
ey) = ( e'#/2 sin@/2 _e#/ cos 0/2 ) (398) 
This matrix is unitary because it performs a change of basis in F(. We can also check that 
it has determinant 1, and so it is a matrix belonging to the group SU(2) (cf. Exercise 8.5.2). 
It is interesting to consider rotations by 277, which return the physical system to its initial 
position. We have, for example, D'/*(6 = 27, 6 = 0) = —I. Under a rotation by 277 about 
Oy, the state vector |y) — —|yv)! However, there is no paradox: the vectors |v) and 
—|y) represent the same physical state, and, as must be the case, a rotation by 277 does 
not change this state. This behavior of spin 1/2 contrasts with that of photons. According 
to (3.28), exp(—2im>.) = +/ and the state vector is unchanged under a rotation by 277. 
Here we see a remarkable difference between integer and half-integer spins, to which we 
shall return in Chapter 10. 

The form (3.56) of the eigenvectors of S, allows the probability amplitudes to be 
calculated: 


a(+ > [+, a]) = (4, al+) =e? cos 6/2 , 
| (3.59) 
a(+ > [-, a]) = (-, al+) = -e'*” sin 6/2, 


>3 Tt should be noted that this matrix is a function of @/2 and not 6 as in the photon case (3.28): the photon has spin 1 rather 
than 1/2! 
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along with the corresponding probabilities: 
p(+ > [4, A]) = |(+, A|+)|? = cos’ 6/2, 


(3.60) 
p(+ > [-. A]) =|(-, a|+)/? = sin’ 6/2. 


We have obtained the essential properties of spin 1/2 on the basis of only three hypotheses, 
with the first two following from invariance under rotation: 


e The expectation value (S) transforms like a vector under rotations. 
e The eigenvalues of S-/ are independent of 7. 
e The space of states is two-dimensional. 


Some of these properties, like the commutation relations (3.53) or the existence of rotation 
matrices, can be carried over to any angular momentum J (Chapter 10). However, other 
properties are specific to spin 1/2; for example, it is only in this case that any state of At 
can be written as an eigenvector of J- = S-A for some A. 


3.2.5 Dynamics and time evolution 


Let us return to the problem of a spin placed in a uniform constant magnetic field B, which 
we assume to be oriented along the z axis. Our classical study of Section 3.2.1 revealed 
the phenomenon of Larmor precession. In classical physics, the energy is a number 


U=—p-B=—ys-B=—ys,B=os,., (3.61) 


where w = —yB is the Larmor frequency. In quantum physics the energy becomes a 
Hermitian operator called the Hamiltonian and denoted H which acts in the space of 
states. Since this space is two-dimensional, the Hamiltonian will be represented by a 2 x 2 
matrix. We assume” that in quantum mechanics the Hamiltonian formally remains of the 
form (3.61), with the condition that the classical quantity s, is replaced by the operator 
S., the projection on Oz of the spin operator S: 


w 1 O 
H=05.= Sr j oe (3.62) 


Here the second form of H is its matrix representation in a basis in which S, is diagonal. 
The eigenvalues of H are +hw/2 and —hw/2. These are the two possible values 
of the energy, and the corresponding eigenvectors are of course those of S.: |+-) and |—). 
The energy-level scheme is given in Fig. 3.13 for w > 0, and the two levels are called 
the Zeeman levels of a spin 1/2 in a magnetic field. 

Let us assume that at time t = 0 the spin is found in the eigenstate |+, 7). We can 
then ask the following question: what will the spin state be at a later time ¢? To answer 
this question we need an additional postulate. This postulate, whose details will be made 


°4 Tn the end, the expression for the Hamiltonian will be justified by agreement with experiment. 
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E,=3 hw 


fiw 
1 
E_=-5hw 


Fig. 3.13. Spectrum of the Hamiltonian (3.62), or Zeeman levels of a spin 1/2 in a magnetic field. 


more explicit in the following chapter, stipulates that the state vector |x(t)) at time f is 
derived from the state vector at time t = 0, |x(t =0)), as follows: 


Ix(#)) =exp (-=) 1x(0)). (3.63) 


This evolution law is particularly simple for eigenvectors of H, which are called stationary 


_ 1+) > exp(-S*) 4). I+) + exw (S*) 1-9. 


If |y) is an arbitrary state, the probability of finding a stationary state in |y) is independent 
of time. For example, 


iHt 2 
(vex (5) 9) = Kor. 
Let us suppose that a spin points in the direction 7 at time t = 0: 


1 1 
|v(0)) = cos 5 0 exp(—ib/2)|+) + sin 5 8 explib/2)|—). 
At time t we have 


|x(t)) = cos sHexpl—i(d + wt) /2]|+) +sin sexpli(d +ot)/2]|—). (3.64) 


If at time ¢ = 0 the spin points in a direction n defined by the angles 0 and @, (S) = 
sha, at time ¢ the spin will point in the direction (6,@-+ wt). The rotation is in the 
counterclockwise sense for g < 0 and, of course, coincides with that of the classical spin. 
The expectation value of the spin precesses about B with the Larmor frequency. 

The evolution law (3.64) allows us to introduce a relation between the energy spread 
AE and the characteristic evolution time of a quantum system, which will be written in 
the general form of a temporal Heisenberg inequality in Section 4.2.4. We rewrite (3.64) 
using the notation c, and c_ for the components of |y(0)) in the basis {|+), |—)}: 


1 1 
c, = C08 5 exp(—id/2), ¢_ = sin Bexplidb/2), 


and we define the frequencies w, as 
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so that for |y(t)) we have 


Ix(t)) = c, exp(—iw,1)|+) + c_ exp(—iw_t)|—). 


Let us calculate the probability of finding the state vector |y(f)) in an arbitrary state |): 


lx)? = leg PLI+)P + le PL |-)? 
+2Re| cic expli(w, — 0_)¢(+1)(wl-)]. (3.65) 


The first two terms of (3.65) are independent of time and the third oscillates with frequency 


E.-E_ AE 
ace Mie 4 
where AF is the energy spread. The energy of the system does not have a well-defined 
value because the system evolves from one level to another in a characteristic time At ~ 
h/AE. We can express this as a relation between the energy spread and the characteristic 
evolution time: 


AE At~h. (3.66) 


This expression, which we shall write as an inequality using the more general method of 
Section 4.2.4, is an example of a temporal Heisenberg inequality. 


3.3 Exercises 
3.3.1 Decomposition and recombination of polarizations 


Figure 3.3 illustrates an experiment in which a birefringent plate decomposes a linear 
polarization into polarizations in the Ox and Oy directions, with the two polarizations 
corresponding to distinct light rays. This decomposition is followed by a recombination 
of the two polarizations by a second plate which restores the initial polarization. In fact, 
the scheme shown in Fig. 3.3 does not lead to the advertised result, because the indices 
of refraction of the ordinary ray and the extraordinary ray are different, which leads to 
a difference in the optical paths of the two rays. It is necessary to compensate for this 
difference if we wish to recombine the two polarizations. We recall that the extraordinary 
ray is always polarized in the plane containing the optical axis, while the ordinary ray is 
polarized in the plane perpendicular to it. The two birefringent plates are assumed to be 
identical; they are cut from calcite crystals and have thickness a. 


1. The extraordinary ray in the calcite plate makes an angle a = 6.20° (0.1082 rad) to the normal. 
The thickness of the plate is 10 mm and the ordinary and extraordinary indices are 


No = 1.65567, nj, = 1.55405, 
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respectively. The incident light beam is produced by a helium—neon laser of wavelength 
A = 632.8nm, and the beam diameter is 250 m.”° Are the two rays well separated at the 
exit of the first plate? What is the difference between the optical paths of the ordinary and 
extraordinary rays? 

2. We want to compensate for this difference in the optical paths, as well as for that induced by the 
second plate, by inserting an intermediate calcite plate (a compensating plate) with optical axis 
perpendicular to the plane of Fig. 3.14. In this plate ray x propagates like an ordinary ray and ray 
y like an extraordinary ray with index ng = 1.48465. What thickness D must this intermediate 
plate have if we wish to compensate for the difference of the optical paths so as to be able to 
recombine the two polarizations at the exit of the second plate? 

3. Show that a precision of 10~> for the indices is sufficient for determining the thickness of the 
compensating plate. Compare this with the precision required for the indices if we want to avoid 
using a compensating plate and instead fix the thicknesses of the entrance and exit plates such 
that the difference induced in the optical path by the two plates is an integer multiple of the 
wavelength. In order to simplify the discussion, neglect the difference between nj, and ng in the 
calculation of the error. 

4. The apparatus is very sensitive to temperature variations owing to expansion of the calcite and 
variation of the indices. In order to simplify the discussion, we shall limit ourselves to the effects 
of variation of the indices, which are 


dng =2.1x10°°K™!, 8ng=11.9x10°K"!. 


We assume that the compensation is perfect at a particular temperature T. Then what will be 
the total difference in the optical paths (induced by the three plates) if the temperature varies by 
1 degree? What will happen if a compensating plate is not used? 

5. Now let the first plate have a thickness of 2 mm. Describe the polarization at the exit of this plate. 


optical 
axis axis 


Fig. 3.14. Compensation of the phase shift by an intermediate plate. The optical axis of the 
intermediate plate is perpendicular to the plane of the figure. 


>> The value of nj, has been calculated using the ellipsoid of indices. 
°6 In fact, this diameter w(z) is not constant, but varies as 


w= wy p+(2y. 


where zp ~ 0.31 m and wp is the minimum diameter or waist of the beam. If the entire apparatus is about 10 cm long, this 
variation in diameter is negligible if the waist is located at the center of the apparatus. 
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3.3.2 Elliptical polarization 


1. Determine the axes of the ellipse and the direction in which it is traced for a polarization 
state (3.12): 


|b) =Alx)+uly), [AP +|w)? = 1. 
2. Show that the state |®, ) (3.19) orthogonal to |®), 
|®,) =—p*|x) +A*ly), 


is not transmitted by the linear polarizer of the (A, 2) polarizer. 
3. Show that the physical properties of the (A, 2) polarizer are unchanged if a general parametriza- 
tion with complex A and wp is used: 


A=cos6e'™, w=sinde', 


with 7 = 7, — 7,. Recover the expression for Py. 


3.3.3 Rotation operator for the photon spin 
Prove (3.28). Hint: expand exp(—i@®,) in a series. What is (&.)?? 


3.3.4 Other solutions of (3.45) 


1. In the space of spin-1/2 states, the unitary matrix D“/)(@, w) transforms the state |+) into the 
state |+, 7), where the unit vector 7 is given by 7 = (sin Ocos y, sin 6 sin yy, cos 8). If the rotation 
is performed about the z axis, 0 = 0 in (3.58) and 


e iW/2 0 
D°)(9=0,~)=U= ( 0 eiv? ) 


Discuss what action U has on the states |+) and |—). 
2. The operator U can be considered a change of basis in which an operator A is transformed 
according to (2.18) into 
A> A'=U'AU. 
What are the transforms of o,, o,, and o,? 


3. The conditions (3.45) have the solution (1) a—a, = ¢ or (2) a—a, = —@. Show that in case 
(1), o, and a, are given by 


and that with reference to the standard solution (3.47) this solution corresponds to a simple 
rotation of the axes about Oz. 
4. Show that if we choose a—a, = —¢ the standard solution is 


ee 0 1 ae 0 i 
ee P Oe PP’ a ee 


What is the interpretation of this result? 
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3.3.5 Decomposition of a 2x2 matrix 


1. We introduce the notation 


6 =1, 6,=0, i=1,2,3. 


L 


Show that if a 2 x 2 matrix A satisfies Tr(d;A) = OVi=0,...,3, then A=0. 
. Let us write a 2 x 2 matrix as 


3 3 
A — Aol + 95,9; = > A,6;. 
i=0 


i=l 
Show that 
1 
A, = —Tr(AG;). 
= 5 TH(Ad,) 


Show that any 2 x 2 matrix can always be written as 


What condition must the coefficients A; obey when A is Hermitian, A = A‘? 


3.3.6 Exponentials of Pauli matrices and rotation operators 


. Show that 


ae ae eee. 
exp (i$ p) = 100s 5 ~i(@- p)sin 5 ; (3.67) 


where Pp is a unit vector. Hint: calculate (@ - p)?. The operator exp(—i0G - p/2) is the rotation 
operator U[R;(8)] of an angle 6 around the p axis. To see it, show that in order to rotate 
the state |+) into |+, 7), as in (3.57), one can use as a rotation axis p = (— sind, cos d, 0). 
Compare with (3.57) and show that exp(—i0@ - p/2)|+) gives the correct result, up to an overall, 
physically irrelevant, phase factor. Compute the operator U[R,(0)] and give its explicit matrix 
form. 

. Show that any 2 x 2 matrix U which is unitary and has unit determinant can be written in the 
form in question | above. Hint: show that U has the form 


a b 
—b* a* 


and write a = a, +ia,, b= b, +ib,. Show that a, = cos 0/2. 
. Find two 2 x 2 matrices A and B such that 


e4e® — e(4*5) with [A, B] 40. 
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3.3.7 The tensor €; jx 


1. Prove the identity 
» Eijk Eimk = 8119 im 6 im j1- 
k 
Use this identity to derive 
ax (bx @) = (a-0)b—(a-b)e. 
What is the result for 


Ds Ein Ere ? 
ik 
2. The ith component of the curl of a vector A can be written as 
(V x A); = ye &in9j; An 
ij 
with 0; = 0/dx;. Use the identity of question | to show that 


V 


x 
J 
x 
D>! 
ll 
Pall 
er 
= 
| 
s 
> 


3.3.8 A 27 rotation of spin 1/2 


Let us return to the neutron interferometer of Exercise 1.6.7, where the plane ABDC is 
horizontal and 6, is a Bragg angle. A variable phase shift y is obtained by having the 
neutrons of beam I pass through a uniform constant magnetic field B over a distance 1, 
where the magnetic field is perpendicular to the plane of the figure (Fig. 3.15).?’ The 
neutrons are assumed to be polarized parallel to the plane of the figure. Determine the 
rotation angle of the neutron spin at the exit of the magnetic field as a function of /, 
the (known) speed v of the neutron, and the neutron gyromagnetic ratio y,. Show that 


Fig. 3.15. Experimental demonstration of a 27 rotation of spin 1/2. 


27 §. Werner, R. Colella, A. Overhauser, and C. Eagen, Observation of the phase shift of a neutron due to precession in a 
magnetic field, Phys. Rev. Lett. 35, 1053-1055 (1975). 
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the counting rates of the detectors D, and D, depend sinusoidally on B. Show that from 
these oscillations we can deduce that the spin state vector is multiplied by —1 in a single 
rotation by 277. 


3.3.9 Neutron scattering by a crystal: spin-1/2 nuclei 


Let us revisit the experiment described in Exercise 1.6.4 on neutron diffraction by a 
crystal, assuming that the atomic nuclei have spin 1/2 (some examples are 'H, °C, !°F, 
and so on). We shall limit ourselves at first (questions | and 2) to the case where the 
neutrons have spin up (*) and the nuclei have spin down (J): the neutrons and nuclei are 
polarized. Under these conditions there are two possible scattering amplitudes, because 
it can be shown (Chapter 12) that the z component of the total spin is conserved in the 
neutron—nucleus scattering. These two amplitudes are 


e The amplitude f, where the scattering occurs without change of the spin state: 
neutron + + nucleus | — neutron ¢ + nucleus | . 
e The amplitude f, where the scattering occurs with spin flip: 


neutron + + nucleus | — neutron | + nucleus ¢ . 


1. Show that in the first case we obtain the same results as in scattering without spin. 

2. Show that in the second case there are no diffraction peaks as the scattering probability is 
independent of g. 

3. In general, nuclei are not polarized, and so they have one chance in two of having spin up 
and one chance in two of having spin down. It becomes necessary to take into account a third 
amplitude f, corresponding to the scattering 


neutron + + nucleus ¢ — neutron t+ nucleus ¢ . 


Following the method used in Exercise 1.6.8, we introduce a number a; that takes the value 0 if 
the nucleus 7 has spin up and the value 1 if it has spin down. The ensemble of {a;} characterizes 
a spin configuration of the crystal. Show that the amplitude for neutron scattering by the crystal 
in the configuration {a;} is 


Last d-a)fjet +> a, fet”. 


What would the intensity be if the configuration {a@;} were fixed? Care must be taken to add 
the probabilities for different final states. In addition, it is necessary to use the average over 
different crystal configurations, with the spin of each nucleus assumed to be independent of the 
other spins. If (e) denotes the average over configurations, show that 


1 1 
Show that the scattering probability is proportional to 


N 
ra 


| asks 
J= gatid Le D+ (fa—-feY +2f51, 
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where WN is the number of nuclei. In reality, the three amplitudes f,, f,, and f. are not 
independent. In Exercise 12.5.5 we shall see that 

1 

5-4), -f.=e 


where a, and a, are the scattering lengths in the triplet and singlet states. 
4. What happens if the neutrons are not polarized, as is usually the case in practice? 


~f.= 5(a+a) —fp= 


3.4 Further reading 


The polarization of light and its propagation in anisotropic media are explained in detail 
in, for example, E. Hecht, Optics, New York: Addison-Wesley (1987), Chapter 8. As 
a complement to the discussion of photon polarization, one can consult Lévy-Leblond 
and Balibar [1990], Chapter 4, or G. Baym, Lectures on Quantum Mechanics, Reading: 
Benjamin (1969), Chapter 1. A recent journal article on quantum cryptography with 
numerous references to previous studies is the review by N. Gisin, G. Ribordy, W. Tittel, 
and H. Zbinden, Quantum cryptography, Rev. Mod. Phys. 74, 145 (2002); a popularized 
account of quantum cryptography can be found in C. Bennett, G. Brassard, and A. Ekert, 
Quantum cryptography, Scientific American, 26 (October 1992). The Stern—Gerlach exper- 
iment is discussed by Feynman et al. [1965], vol. III, Chapter 5; by Cohen-Tannoudji 
et al. [1977], Chapter IV; and by Peres [1993], Chapter 1. 
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Postulates of quantum physics 


In this chapter we shall present the basic postulates of quantum physics, generalizing the 
results obtained in the preceding chapter for the two special cases of photon polarization 
and spin 1/2. In general, the space of states will a priori have any dimension N, which 
may even be infinite, rather than only two dimensions. The postulates which we present 
in this chapter fix the general conceptual framework of quantum mechanics and do not 
directly provide the tools necessary for solving specific problems. The solution of a 
specific physical problem always involves a modeling stage, where the system to be 
studied is simplified, the approximations to be used are defined, and so on, and this 
modeling stage inevitably rests on more or less heuristic arguments which cannot be 
derived within the general framework of quantum physics.' In Section 3.2.5 we gave an 
example of a heuristic procedure leading to the solution of a specific problem, that of the 
motion of a spin 1/2 in a magnetic field. 

Other sets of postulates can be used. For example, another approach is to state the 
postulates of quantum mechanics in terms of path integrals.” As is often the case, the 
same physical theory can be dressed in various different mathematical clothes. Finally, it 
should be emphasized that the postulates of quantum physics give rise to some difficult 
epistemological problems which are still largely under debate and which we do not discuss 
in this book. The interested reader may consult, for example, the book by Isham [1995]. 


4.1 State vectors and physical properties 
4.1.1 The superposition principle 


In Chapter 3 we learned how to characterize the polarization state of a photon or of a 
spin-1/2 particle by means of a vector belonging to a complex Hilbert space, the space of 
states. Postulate I generalizes the ideas of state vector and space of states to any quantum 
system. 


' This procedure does not differ fundamentally from that followed in classical physics. For example, the three laws of Newton 
fix the conceptual framework of classical mechanics, but the solution of a specific problem always requires some modeling: 
simplification of the posed problem, approximations for the forces, and so on. 

> See, for example, L. S. Schulman, Techniques and Applications of Path Integration, New York: Wiley (1981). 
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Postulate I: the space of states 


The properties of a quantum system are completely defined by specification of its state 
vector |p), which fixes the mathematical representation of the physical state of the 
system.’ The state vector is an element of a complex Hilbert space H called the space 
of states. It will be convenient to choose |g) to be normalized that is, to have unit norm: 
llell? = (el¢) = 1. 

The fact that a physical state is represented by a vector implies, under certain conditions, 
the superposition principle characteristic of the linearity of the theory: if |g) and |v) are 
vectors of AC representing physical states, the normalized vector 


Ale) +uIx) 
Ale) + eLXDI 


where A and pw are complex numbers, is a vector of H and also represents a physical 
state. 

In the preceding chapter we defined probability amplitudes as scalar products of vectors 
belonging to the space of states. For example, if |~) represents the state of a photon linearly 
polarized in the Ox direction, |g) = |x), and |x) the state of a photon linearly polarized in 
the , direction (3.3), |v) =|@), the probability amplitude a(x > 6) = (6|x) = cos 6. We 
also showed that the squared modulus of this amplitude possesses a remarkable physical 
interpretation: if we test the polarization by having the photon |.) pass through a linear 
analyzer oriented in the 7, direction, we obtain the transmission probability 


Ib) = (4.1) 


p(x > 8) = |a(x > 6)|* = |(6|x)|? = cos” 8, 


which is the probability for the photon in the state |x) to pass the |) test. We shall 
generalize the ideas of probability amplitude and testing as postulate II. 


Postulate II: probability amplitudes and probabilities 


If |g) is the vector representing the state of a system and if |) represents another physical 
state, there exists a probability amplitude a(g~ — x) of finding |p) in state |x), which is 
given by a scalar product on H: a(gy —> y) = (y|¢). The probability p(@ — yx) for the 
state |p) to pass the |x) test is obtained by taking the squared modulus |(x|¢)|? of this 


amplitude:* 
p(y > x) =la(e> x) =l(xle)l? |- (4.2) 


This postulate is often called the Born rule. 


w 


The viewpoint of the present author is that the state vector describes the physical reality of an individual quantum system. 
This point of view is far from universally shared, and the reader can easily find other interpretations, for example: “the 
state vector describes the available information on a quantum system,” or “the state vector is not a property of an individual 
physical system, but simply a protocol for preparing a set of such states,” or even “quantum mechanics is a set of rules which 
allow the probability of an experimental result to be calculated.” This diversity of viewpoints has no effect on the practical 
application of quantum mechanics. 

To make the order of the factors correspond to that of the scalar product, it is sometimes useful to denote probability 
amplitudes as a(y < ¢) and probabilities as p(y < ¢). We also note that although (4.2) is not intuitive, it is at least 
consistent: the probability of finding a state in itself is unity, and according to the Schwarz inequality 0 < |(y|¢)|? < 1. 


& 
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Let us add a few remarks to complete our statement of the first two postulates. 


e Unless the contrary is explicitly stated, we assume that state vectors have unit norm. If this is 
not the case, care must be taken to divide by the norm. For example, Eq. (4.2) becomes 


I(xl@)|? 


Pe > = Tele: 


e The vectors |g) and |g’) = exp(iB)|¢~) represent the same physical state. Actually, we know 
only how to measure probabilities, and 


Iixle)l? =Iixle’)? ¥ Ix) EH. 


It is therefore impossible to distinguish between |g) and |g’), which differ by a phase factor. 
To be rigorous, a physical state is represented by a ray, or a vector up to a phase, in the Hilbert 
space. However, the superposition A|¢~) + |x) represents a physical state that is different from 
A\g’) + |x). The answer to the question “Which are the arbitrary phases and which are the 
physically relevant ones?” may be tricky in some cases. 

e We limit ourselves to physical systems called pure states, where there is maximal information 
about the physical state. In cases where the available information is incomplete, we must resort 
to the state (or density) operator formalism, which will be described in Section 6.2. 

e We have taken great care to use the term “quantum system” rather than “quantum particle,” 
which is a special case of the former. In fact, we shall see in Chapter 6 that for a system of 
two or more particles it is in general impossible to attribute an individual state vector to each 
particle; a state vector can be associated only with the ensemble of particles, that is, with the 
whole quantum system. This point will be developed and illustrated in Section 6.3. 

e There exist restrictions on the superposition principle called “superselection rules”, 
shall not consider in this book. 


5 which we 


4.1.2 Physical properties and measurement 


In Chapter 3 we showed that the physical property “spin component along the 7 axis” can 
be put into correspondence with a Hermitian operator $-7 acting in the space of states. 
Postulate III generalizes this result to any physical property. 


Postulate III: physical properties and operators 


With every physical property A (energy, position, momentum, angular momentum, and 
so on) there exists an associated Hermitian operator A which acts in the space of states 
Hl: A fixes the mathematical representation of A. 


> Tt is generally agreed that a state of spin 1/2, IX)1/2, and a state of spin 1, |g),, cannot be superposed. This impossibility is an 
example of a superselection rule. As we have seen in Chapter 3 (and this observation will be generalized in Chapter 10), the 
state vector of a spin-1/2 particle is multiplied by —1 in a rotation by 277, while that of a spin-1 particle is multiplied by +1. In 
a rotation by 277 which takes the system back to its original situation, if the state vector is of the form |) = Ale); +H |X) 1/2 it 
is transformed by a 277 rotation into |’) = Alg); — |X) 1/2 |W). In contrast, the fact that |x), /2 is transformed into —|y)/2 
does not present any problem, because the two vectors differ by only a phase factor. Another example is the superselection 
rule on the mass in the case of Galilean invariance. For a critical view of superselection rules, see Weinberg [1995], Chapter 2. 
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To simplify our discussion, let us start by considering a physical property A represented 
by a Hermitian operator A whose eigenvalues a,, are nondegenerate: A|n) = a,,|n). We 
can then write down the spectral decomposition 


A=)°|n)a, (n|. 


If the quantum system is in a state |y) = |n), the value of the operator A in this state is 
a,» that is, the physical property A takes the exact numerical value a,,. If |g) is not an 
eigenstate (or eigenvector) of A, we know from postulate II that the probability p,, =p(a,,) 
of finding |g) in |n), and therefore of measuring the value a, of A, is p, = |(n|¢)|?. 
To determine if the quantum system is in the state |n), n= 1,..., N, we can imagine a 
generalization of the Stern—Gerlach experiment with N exit channels instead of the two 
channels |+) and |—), with a detector associated with each channel. Let us carry out a 
series of tests on a set of quantum systems that are all in the state |@). It is said that 
these systems have been prepared in the state |p~); we have already encountered the idea 
of preparing a quantum system in the case of photon polarization, and we shall return to 
it again below. If the number of tests WV is very large, one can obtain experimentally an 
accurate estimate of the expectation value of the physical property A in the state |g), 
denoted (A): 


Ree es 
(A), = Jim We (4.3) 


where A, is the result of the pth measurement. This result varies from one test to another, 
but it always takes one of the eigenvalues a,,. The expectation value is given as a function 
of A and |g) by 


(A) = /Prdn = (eln)a, (nl) = (@lAle). 


We have already encountered a special case of this relation in (3.38). It is not difficult to 
generalize to the case of degenerate eigenvalues. If the system is in some state |p), we 
can decompose |¢) on the basis formed by the eigenvectors of A using the completeness 
relation (2.30) 


lo) = do ln.r)(n, rile) = doen |n, 7). 


nr nr 


To find the probability p(a,,) of observing the eigenvalue a,,, we now need to sum all the 


probabilities of finding |g) in any state |n, 7) over the index r with n fixed: 
P(a,) = Dole? = Di(¢ln, r)(n, rle) 


= (g|P,1¢), (4.4) 


where P,, is the projector on the subspace of the eigenvalue a,, (cf. (2.29)): 


P= > Iner){n,7\, (4.5) 


n? 
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As above, by carrying out a large number of measurements on quantum systems pre- 
pared under identical conditions, we can obtain the expectation value (A), of A in the 
state |@): 


(A), = )/4,P(4,) = Do(¢ln, 7) ay (n, 19), 


ni? 


(A), = (¢lAl¢) |. (4.6) 


which generalizes the preceding result. The operators representing physical properties are 
often called “observables” in the literature. We shall avoid this terminology, as it does 
not seem to provide further insight into quantum physics.° 

The simplest Hermitian operator is the projector on a vector of A, and subjecting 
a quantum system to a |y) test is equivalent to measuring the projector P, = |v) x\, 
with result 1 if the system passes the |v) test and 0 if it fails. Viewing the spectral 
decomposition of a Hermitian operator as the sum of projectors, we see that the ideas 
of testing and measuring a physical property are closely related. We shall emphasize 
the measurement aspect if we are interested in the eigenvalues of A, and the test aspect 
if we are interested in the probability of finding the system in an eigenstate of A.’ 
Let us illustrate this using the Stern—Gerlach experiment of Section 3.2.2. In the spin- 
measurement interpretation the Stern—Gerlach apparatus measures the z component of the 
spin from the upward or downward deflection of the beam of silver atoms; detection of 
an atom on the screen at the exit of the device makes it possible to distinguish between 
the values +h/2 and —h/2 of the physical property S,, the spin component on the Oz 
axis. Equivalently, we can say that we have subjected the atoms to |+) and |—) tests. 
The probability of upward (downward) deflection is |(+|g)|* (|(—|¢)|?). 

However, the measurements, or tests, described in Section 3.2.2 have a major drawback: 
the measurement is not complete until the atoms are absorbed by the screen, and then 
they are no longer available for further experiments. In an ideal measurement (or ideal 
test) it is assumed that the physical system is not destroyed by the measurement.*® From 
postulate II, if before the measurement of A the state vector is |p) = >°,,c,|n), the 
probability that the system after the measurement will be in the state |n) is |c,|?. It is 


and then, using (2.31), we find 


This terminology goes back to a seminal article of Heisenberg containing the following statement: “The present paper seeks 
to establish a basis for theoretical quantum mechanics founded exclusively upon relationships between quantities which are 
in principle observable.” Limiting ourselves to this approach is somewhat restrictive, and Heisenberg himself did not follow 
it in practice! 

We can view the photon polarization test in, for example, the basis {|x), |y)} as a measurement by introducing the physical 
property A, represented by the operator 


A, = |x)(x|— ly) I, 


which takes the value +1 if the photon is polarized in the Ox direction and —1 if it is polarized in the Oy direction. 

If the same ideal measurement could be repeated a number of times, one would have a “quantum nondemolition (QND) 
measurement.” See, for example, C. Caves et al., On the measurement of a weak classical force coupled to a quantum 
mechanical oscillator, Rev. Mod. Phys. 52, 341-392 (1980) or V. Braginsky, Y. Vorontsov, and K. Thorne, Quantum 
non-demolition measurements, Science 209, 547-557 (1980). 


oo 
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possible to think up a way to perform an ideal measurement? of the spin (but completely 
beyond present technology!) using a Stern—Gerlach filter modified in the spirit of the 
apparatus described in Section 1.1.4. Taking as our starting point the filter of Fig. 3.8, the 
atom entering the filter is illuminated by a suitable laser beam so as to induce a transition 
to one of its excited levels. When the two trajectories inside the filter are maximally 
separated, they pass through two different resonant cavities in which the atom returns to 
its ground state by emitting a photon with near 100% probability (Fig. 4.1). This photon 
is detected in one of the two cavities, and it is thus possible to tag the trajectory inside 
the filter without disturbing whatever spin state it is in, assuming that the transition is 
of the electric dipole kind. Such a measurement involves a profound modification in the 
description of the spin state. Assume, for example, that the spin state at the entrance to 
the filter is the eigenstate |+, x) of S,. When no measurement is made the coherence 
of the two trajectories will be preserved, and they can be recombined at the exit of the 
filter to reconstruct the state |+, x). The filter contains a coherent superposition of the 
eigenstates of S,, |+) and |—), with amplitude 1//2: 


= 
V2 


In contrast, when a measurement is made, the spin is projected onto one of the states |+) 
or |—) with 50% probability, and it is impossible to go backward and reconstruct the state 
|+, x). Later on we shall return to this point of the irreversible nature of a measurement. 
As we shall see in more detail in Chapter 6 and Appendix B, the measurement has 
transformed the coherent superposition |+, %) into a classical statistical ensemble of 50% 
spins up and 50% spins down, but an experiment performed on an individual atom always 
gives a unique result. 

If a measurement of S. has given the result +//2 and if this measurement is repeated, 
the result will always be +/h/2: immediately after a measurement of S, that has given 


|+, %) = —=([+)+I-)). 


laser |+) 


Fig. 4.1. An ideal measurement of the spin. 


° Another thought experiment has been suggested by M. Scully, B. Englert, and J. Schwinger, Spin coherence and 
Humpty-Dumpty III. The effect of observation, Phys. Rev. A 40, 1775-1784 (1989). 
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the result +//2, the spin is in the state |+). In general, a quantum system that passes the 
|x) test will be found in the state |y) immediately after the test: 


i P |e) 
7 TP Te) I 


The system has undergone an irreversible evolution which has projected it onto the state 
|x). The general statement is the contents of a supplementary postulate called wave- 
function collapse (WFC), which complements postulate II. 


The WFC postulate 


If a system is initially in a state |g), and if the result of an ideal measurement of A is 
a,,, then immediately after this measurement the system is in the state projected on the 
subspace of the eigenvalue a,,: 


PAP) 
((e|P,.1e))/? 


The vector |i) in (4.7) is normalized because 


IPnledIl? = (GIP, Pale) = (GlPnle) 


owing to the properties of projectors. The WFC postulate presupposes that the measure- 
ment is ideal, that is, nondestructive, so that the tests can be repeated. From a purely 
pragmatic viewpoint, this postulate is only interesting if at least two consecutive mea- 
surements are made. Above we have given the example of an ideal measurement of the 
spin of a silver atom (Fig. 4.1). At the exit of the filter we know the spin state of the 
atom, which is now available for further tests. A repetition of the measurement of S, will 
again give +h/2 for atoms that have emitted a photon in C, and —//2 for those that have 
emitted a photon in C,. It should be noted that an ideal measurement is rarely possible 
in practice. In general, detection destroys the system under observation.'!? An example 
which we have already mentioned is that of the detection of a photon by a photomultiplier 
D, or D, in Fig. 3.2. Another example of a nonideal measurement is the determination 
of the momentum of a particle in an elastic collision with a second particle of known 
momentum using energy-momentum conservation. After the collision the first particle is 
no longer in the momentum state that was measured. The concept of ideal measurement 
is convenient for the discussion of measurement in quantum physics, but in practice ideal 
measurement is the exception and not the rule. 

The point of view underlying the WFC postulate originates in the standard, or “ortho- 
dox” interpretation of quantum mechanics. In this viewpoint the measurement apparatus 
acts as a Classical object and one does not worry about the details of the measurement 
procedure, which occurs in a sort of “black box.” The only relevant thing is the result, 
which is read from a classical measurement such as the position of a needle on a meter. In 


Ip) > |) = (4.7) 


'0 Tt is now known how to make nondestructive measurements on a photon; see G. Nogues et al., Seeing a single photon 
without observing it, Nature 400, 239-242 (1999). 
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Section 6.4.1 and Appendix B we shall return to the topic of measurement procedure in 
quantum mechanics and try to go beyond this viewpoint. A complete analysis of the mea- 
surement procedure including the quantum interactions with the two devices performing 
consecutive measurements, as well as the interactions with the environment, shows that 
the WFC postulate is a consequence of postulate II and of the time evolution postulate IV 
stated below in Eq. (4.11), and is thus not independent of the other postulates. However, 
the standard viewpoint is perfectly operational in all current applications of quantum 
mechanics, and from now on we shall use it without further comment. 

When we try to completely determine the state vector |y) of a physical system, it can 
happen that an ideal measurement of a physical property A gives the result a, where the 
eigenvalue a of A is nondegenerate. Immediately after the measurement the state vector 
is then the eigenvector |a) of A. If the eigenvalue is degenerate, it is necessary to find a 
second physical property B compatible with A: [A, B] = 0. In this case it is possible that 
the known eigenvalues a and b completely specify the state vector. If this is not yet so, it 
is necessary to find a third physical property C compatible with A and B, and so on. When 
the known eigenvalues {a,b,c...} of the compatible operators {A, B,C...} entirely 
specify the state vector we say, following the terminology introduced in Section 2.3.3, that 
these operators (or the physical properties which they represent) form a complete set of 
compatible operators (or compatible physical properties). The simultaneous measurement 
of the complete set of compatible physical properties {A, B, C ...} constitutes a maximal 
test of a state vector. If the space of states has dimension N, the maximal test must have 
N different mutually exclusive outcomes. When an ideal maximal test has been carried 
out on a quantum system the state vector of the latter is known exactly, and in this way 
the quantum system has been prepared in a determined state. The stage corresponding to 
preparation of the system has been completed. However, the preparation stage need not 
(and in general does not) involve a measurement: for example, the left filter of Fig. 3.10 
prepares the spin in the |+) state without measuring it. 

To illustrate these ideas, let us suppose that two known eigenvalues a, and b, of two 
compatible operators A and B completely specify a vector |r, s) of H: 


Alr,s) =a,|r,s),  Blr,s) =b,|r, s). 


The simultaneous measurement of the physical properties A and B is then a maximal 
test and the N possible results are labeled by the set (r,s). An example of a device 
that performs a maximal test is the Stern—Gerlach apparatus of Fig. 3.7. This apparatus 
separates the spin states |+) and |—), giving two different spots on the screen because 
the space of states has dimension 2: N = 2. In the general case, the measurement of A 
and B allows the system to be prepared in the state |r, s) by selecting the systems that 
have given the result (a,, b,). If the selected quantum systems in the state |r, s) are again 
subjected to simultaneous measurement of A and B, the result of this new measurement 
will be (a,, b,) with 100% probability. When a physical system is described by a state 
vector, there must exist, at least in principle, a maximal test one of whose possible results 
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has 100% probability. For a spin 1/2 in the state |+), one such maximal test is that 
performed using a Stern—Gerlach apparatus with magnetic field in the Oz direction. 

It is also instructive to study the case of a physical property A which is compatible with 
B and @, [A, B] =[A, C] =0, while B and € are incompatible: [B, C] 4 0. In this case 
the result of a measurement of A depends on whether B or C is measured simultaneously. 
This property is called contextuality, and an example of it will be given in Section 6.3.3. 

By now the reader will have realized that measurement in quantum physics is fun- 
damentally different from that in classical physics. In classical physics, a measurement 
reveals a pre-existing property of the physical system that is tested. If a car is driving at 
180 km h™! on the highway, the measurement of its speed by radar determines a property 
that exists prior to the measurement, which gives the police the legitimacy to give a ticket 
to the driver. On the contrary, the measurement of the S, component of a spin-1/2 particle 
in the state |+) does not reveal a value of S, existing before the measurement. The spread 
in the results of measuring S, in this case is sometimes attributed to “uncontrollable 
perturbation of the spin due to the measurement process,” but the value of S, does not 
exist before the measurement, and that which does not exist cannot be perturbed. We 
shall return to this point in Section 6.4.1. 


4.1.3 Heisenberg inequalities IT 


In the preceding chapter we introduced the idea of incompatible physical properties. We 
shall now discuss this idea and its consequences for measurement in a more quantitative 
way. Two physical properties A and B are incompatible if the commutator of the 
operators A and B representing them is nonzero: [A, B] 4 0. Let us assume that the first 
measurement of A has given the result a and has projected the initial state vector onto 
the eigenvector |a) of A: A|a) = ala). If B is measured immediately after A, in general 
the vector |a) will not be an eigenvector of B and the result of the measurement will only 
be known with a certain probability. For example, if b is a nondegenerate eigenvalue 
of B corresponding to eigenvector |b), B|b) = b|b), then the probability of measuring b 
will be p(a > b) = |(b\a)|?. In general, it will not be possible to find states for which 
the values of A and B are both known exactly. Let us derive an important result on the 
dispersion (or standard deviation) of measurements performed starting from an arbitrary 
initial state |g). It is convenient to define the dispersions A,A and A,B in the state |¢) 
as 


(A,A)” = (A*)g—((A)g)” = ((A— (A) ol)”) 9s 
(A,B)’ = (B’), — ((B) 9)” = ((B— (B) ol)”) ¢. (4.8) 
The commutator of A and B is of the form iC, where C is a Hermitian operator because 
[A, B]' = [B", A"] =[B, A] = —[A, B]. 
We can then write 
[A,B] =ic, C=C". (4.9) 


4.2 Time evolution 105 


Let us define the Hermitian operators of zero expectation value (a priori specific to the 
state |¢)): 

Aj=A-—(A),I, By =B—(B)ol. 
Their commutator is also iC, [Ap, By] = iC, because (A) 
squared norm of the vector 


» and (B), are numbers. The 


(Ap +iABy)|¢), 
where A is chosen to be real, must be positive: 
||(Ao FiABo)|G)I° = I]Aolg)|l? +iA(e]ApBole) —iA(G|BoAgl@) + A°||Bole) ||? 
= (Ab) 9—A(C) 9 +A" (Bo), = 0. 
The second-degree polynomial in A must be positive for any A, which implies 
(Cy, — 4(A0) ¢ (Bo) <0. 


This demonstrates the Heisenberg inequality 


(A, A) (A,B) = =|(C),| |. (4.10) 


S| 
2 


This is the desired relation constraining the dispersions in the measurements of A and 
B: the product of the dispersions in the measurements is greater than or equal to half 
the modulus of the expectation value of the commutator of A and B. It is easy to show 
(Exercise 4.4.1) that a necessary and sufficient condition for A,A = 0 is that |g) be 
an eigenvector of A. In a vector space of finite dimension we then have (C), = 0. 
It is important to stress the correct interpretation of (4.10): when, as in (4.3), a large 
number WV of measurements of A are performed on systems all prepared in the same 
state |p), and similarly for B and C, we can obtain accurate experimental estimates for 
the dispersions A,A and A,B as well as the expectation value (C),, which then obey 
(4.10). We emphasize that A, B, and C are of course measured in different experiments: 
they cannot be measured simultaneously if A, B, and C do not commute. Furthermore, 
AAA and A,B are in no way related to errors of measurement. If, for example, 6A is 
the experimental resolution for the measurement of A, we must have 6A < A,A for an 
accurate determination of the dispersion. The error on (A) is governed by the experimental 
resolution, and not at all by A,A, and (A), may be determined with an accuracy much 
better than A, A. 


4.2 Time evolution 
4.2.1 The evolution equation 


So far we have considered a physical system at a certain instant of time, or during the 
time interval necessary to perform the measurement, which is assumed to be very short. 
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We shall now take into account the time evolution of the state vector, which will be 
written as explicitly dependent on the time f: |g(t)). 


Postulate IV: the evolution equation 


The time evolution of the state vector |g(t)) of a quantum system is governed by the 
evolution equation 


ine? = H(t)|g(t)) |. (4.11) 


The Hermitian operator H(t) is called the Hamiltonian. 

Let us be precise on the conditions under which Eq. (4.11) applies. It holds for a closed 
quantum system, and this statement should be understood as follows: the quantum system 
under consideration must not be part of a larger quantum system, a situation dealt with 
at length in Chapter 15. However, (4.11) is valid if the quantum system interacts with a 
classical system, which means that it is not necessarily isolated. It is valid, for example, in 
the case of a spin 1/2 submitted to a time-dependent magnetic field (Section 5.2), or for a 
two-level atom submitted to a classical electromagnetic field (Sections 14.3.1 to 14.3.3), 
but not for an atom interacting with a quantized electromagnetic field (Section 14.4). 
In the latter case, the time evolution of the state vector (or more accurately of the state 
operator) of the atom is not governed by a Hamiltonian. A Hamiltonian evolution holds 
only for the atom + field system. 

The operator H has the dimensions of energy, and we do identify H later on as the Her- 
mitian operator representing the physical property of energy (Eq. (4.23)). Equation (4.11) 
is of first order in time, and the evolution is deterministic: given an initial condition 
|p(t))) for the state vector at time tf = fp, the evolution (4.11) determines |g(t)) at any 
later time ¢ > f, provided of course that the Hamiltonian is known. In fact, the restriction 
to f > fy is unnecessary: the evolution (4.11) is reversible and we can perfectly well go 
backwards in time. A schematic view of a typical experiment is given in Fig. 4.2. The 
system is prepared at time ¢ = f by an ideal measurement of an ensemble of compati- 
ble physical properties, which determines the state vector |~(f))). The state vector then 
evolves until time ¢ according to (4.11), and a second measurement of one or a set of 
physical properties (either the same ones as in the first measurement, or different ones) 


ly) ly(n)) 


measurement | |Y(¢o)) =|”) measurement 
of A of B 


preparation fg measurement t 


Fig. 4.2. Preparation and measurement. Measurement of A at time fp gives the result a,. The state 
vector evolves between fy and ¢ as |g(t)) = U(t, to)|P(to) (4.14). Then B is measured at time f. 
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is made at time f. Note that the duration of the measurements is assumed to be very short 
with respect to the characteristic evolution time of the Schrddinger equation. This second 
measurement permits the complete or partial determination of |g(t)) from which we may 
infer, for example, the properties of H. For (4.11) to hold between the two measurements 
it is of course necessary that the quantum system be closed, as defined above, during the 
corresponding time interval. 

The (necessary) conservation of the norm of the state vector is assured by the Her- 
miticity of H. We have 


< lle@l? = < (e@le(o) 


= ((0I(= 4) lo) + @OI(= #)le) 


= = (M(H -H')19() =0 (4.12) 


i 


because H = H’. If |g(t)) is decomposed on a basis 


n, r) 


let) = dln, r)(n, r]e(t)) = Den (In, 7), 


nr nr 


the components c,,,,(¢) satisfy 
d 5 d 
i (Liew (OP) =F (LPC) =0 


The sum of the probabilities p(a,,, t) must always be unity. 
The matrix form of the evolution equation (4.11) is obtained in an arbitrary basis {|@)} 
of H by multiplying (4.11) on the left by (a@| and using the completeness relation: 


ine (a|g(t)) = (a|A(t)|¢(t)) = >(a|A()|B) (Ble(a)), 
B 


which gives 


ihé,(t) = )> Agg(t) ca(t). (4.13) 
B 


We have emphasized the reversible and unitary nature of the evolution (4.11). This should 
be contrasted with the nature of the evolution in a measurement, which is nonunitary 
and irreversible. The projection of the initial state vector on the eigenvector of the 
measured physical property is not unitary — the norm is not conserved, and the result 
P..|~) of the projection (cf. the denominator in (4.7)) must be normalized. Moreover, it 
is impossible to reconstruct the initial state vector once the measurement has been made. 
From the orthodox point of view this implies that there are two types of evolution: one 
reversible (4.11) and one irreversible (4.7). This is not a very satisfying state of affairs, 
and we shall examine this problem in Appendix B. 
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4.2.2 The evolution operator 


In (4.11) we gave the differential form of the evolution equation. There exists an integral 
formulation of this equation involving the evolution operator U(t, t,). In this formulation 
postulate IV becomes the following. 


Postulate IV': the evolution operator 


The state vector |g(r)) at time t is derived from the state vector |g(t))) at time ft) by 
applying a unitary operator U(t, ty), called the evolution operator: 


lp) = U(t, to) P40)? | (4.14) 


The unitarity of U, U'U = UU‘ =1, ensures conservation of the norm (4.12): 


(P(A)1P(t)) = (P(t) |U"(t, to) U(t, to) P(t0)) = (P(t) |G(to)) = 1. 


Inversely, we can start from conservation of the norm and show that U'U = /. In a vector 
space of finite dimension this is sufficient to ensure that UU' = I (cf. Section 2.2.1), but 
this is not necessarily true in a space of infinite dimension. The evolution operator also 
satisfies the group property: 


UG )UGs5) = CG) oS t-st (4.15) 


In effect, going directly from f) to f is equivalent to going first from f¢) to ¢, and then 
from f, to ft: 


le(t)) = U(t, to) |e(to)) 
= U(t, t,)|e(t)) = U(t, 1) Ut, t)|e(%o)).- 


As before, the restriction fy < tf; < ft is unnecessary: f, can take any value. Obviously 
U(to, t9) = 7, and the group property together with the unitarity of U implies 


U(t, to) = U' (to, t) = U' (ty, t). (4.16) 
Of course, the temporal evolution postulates ITV and IV’ are not independent. In fact, it 


is easy to write down a differential equation for U(t, t)) starting from (4.11). Differenti- 
ating (4.14) with respect to time 


in& le()) = in| £ U(r 10) | lo(e) 


and comparing the result with (4.11), we obtain 


in| 5, U1) leC)) = HVC 4) C0) 
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Since this equation must hold for any |@(f))), we can derive from it a differential equation 
for U(t, ty): 


ing U(t, to) = A(t) U(t, to) |, (4.17) 


which leads to 


d 
H(t) = ih— U(t, t)| (4.18) 
dt t=to 
by taking the limit t — f). Then it is easy to pass from the integral formulation (4.14) 
to the differential formulation (4.11). The reverse is more complicated. If H(t) were a 
number, it would be possible to integrate (4.17) immediately; however, H(t) is an operator 
and in general 
1 t 
U(t, ty) £ exp (-; / H(t’) ar’) (4.19) 
10 
because there is no reason to have [H(t’), H(t”)] = 0. However, there exists a general 
expression!! for calculating U(t, t)) from H(t), and postulates ITV and IV’ are strictly 
equivalent.’ 


4.2.3 Stationary states 


A very important special case is that of a system that is isolated from any kind of 
environment, be it quantum or classical. The evolution operator of such a system cannot 
depend on the choice of time origin — it is of no importance if we choose to describe 
a system isolated from all external influences using the time of London or that of New 
York, which, as is well known, differ by tT = 5 hours: 


NewYork = fLondon — T- 


Whatever 7 is, we must have 
U(t —T, to —T) = Ult, to). (4.20) 


This implies that U can only depend on the difference (t — ty). Equation (4.18) then shows 
that the Hamiltonian is independent of time, because the choice of f, is arbitrary. Naturally, 
it can perfectly well happen that the Hamiltonian is independent of time even for a system 
that is not isolated, for example, if the system is exposed to a time-independent magnetic 
field like the spin-1/2 particle of Section 3.2.5. On the other hand, if a magnetic field is 
switched on between 12:00 and 12:10 London time, the choice of time origin will matter! 


'l See, for example, Messiah [1999], Chapter XVII. 
'2 To be completely accurate, it is possible to find exceptions where U is defined but H is not; see Peres [1993], 85. 
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Since the Hamiltonian is independent of time, the differential equation (4.17) can easily 
be integrated and we find 


U1) = exp (“> ) ’ (4.21) 


which depends only on (ft —f)). 

The operator U(t — t)) (4.21) is obtained by exponentiating the Hermitian operator 
H; U(t—t)) performs a time-translation (t—{%,) on the state vector, and if (t— fp) is 
infinitesimal 


(t — t9) 
h 


UE eT H. (4.22) 


This equation can be interpreted as follows: H is the infinitesimal generator of time- 
translations, and, for an isolated system, the most general definition of the Hamiltonian is 
precisely that of an infinitesimal time-translation generator. The concept of infinitesimal 
generator will be extended to other transformations in Chapter 8. 

Let us consider an isolated physical system which can to a good approximation be 
described by a state vector of a Hilbert space of dimension 1. This might be a stable 
elementary particle, an atom in its ground state, and so on. The state vector is a complex 
number g(t) and H is a real number, H = E. The evolution law (4.13) becomes, taking 
into account (4.20), 


e(0) =exp (F800) eC) =exp(-iw(e—n))e(n), 4.23) 


where we have defined E = hw. According to the Planck—Einstein relation E = ha, it is 
natural to identify E as the energy. 

Now let us consider a less trivial case. Let |n, r) be an eigenvector of H corresponding 
to the eigenvalue E,: H|n,r) = E,,|n,r). Its time evolution is particularly simple. If 


|p(ty)) =|n, r), then 


|p(t)) = exp (-“ i) |n, r) = exp (-; E.(t- »)) In, r). (4.24) 


The probability of finding |g(t)) in any state |v) is independent of time: 


‘ 2 
Kaxlo(o)? = |Cxlexp (= 7 Balt) leo))[ = Hoxleo)P. 


For this reason an eigenstate of H is called a stationary state. 

Sometimes it is useful to write the time-evolution law in component form. Let us write 
down the decomposition of an arbitrary state vector |@(f))) at time t = fy on the basis 
{|n, r)} of eigenvectors of H: 


|P(t)) = > Car (to) (2, ‘ae Cur(to) — (n, r|(to))- 


nr 
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We then find 
_ | 
J0()) = Deattsyenp (— 5" tt) ine) = Dealtsenp (7 Bult t0)) bn), 


which gives the variation of the coefficients c,,. as a function of f: 


cult) = xP (7 Eu(t~t0)) lt). (425) 


4.2.4 The temporal Heisenberg inequality 


In Section 3.2.5 we gave an elementary explanation of the relation between a characteristic 
evolution time At and an energy spread AE. Now we shall give a general derivation of 
an inequality for the product AF At, the temporal Heisenberg inequality. First we write 
down the evolution equation for the expectation value (A),(t) = (g(‘)|Al|¢(t)) of an 
operator A representing a physical property A, assumed to be independent of time: 


© (POIAIE(D) = = [-(POIHAlE(®) + (@IAHIE)] 


= (e()|AH = HAlg(0) 


which gives the Ehrenfest theorem: 


< (Ad) = = (CONIA, lle) = 5 UA HD, | (4.26) 


Now we use (4.10), replacing B by H: 


] 1 _\d 
= SMA Mel = 5A] F(A) (0), (4.27) 


and define the time 7,(A) as 


d(A),(4)| 1 
Pia laa 


aw A’ 


The time 7, (A) is the characteristic time for the expectation value of A to change by A, A, 
that is, by an amount of the order of the dispersion. The preceding inequality becomes 


1 
A,H7,(A) > 5h (4.28) 


which is the rigorous form of the temporal Heisenberg inequality. This inequality is often 
written as 


1 
AEAtX Sh (4.29) 
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where AE represents the energy spread and Ar the characteristic evolution time.'? This 
equation has great heuristic value, but the meaning of AF may be ambiguous, as explained 
below. The value of the energy can be fixed exactly only when the spread AE is zero, 
which implies that the characteristic time must be infinite. This is not possible unless 
the system is in a stationary state, which occurs, for example, for a stable elementary 
particle or an atom in its ground state in the absence of external perturbations. However, 
an atom or a nucleus raised to an excited state is not in a stationary state. Owing to the 
coupling with the vacuum fluctuations of the electromagnetic field (cf. Section 14.3.4), 
the atom, or the nucleus, emits a photon after an average time 7, called the lifetime of the 
excited state (cf. Section 1.5.3). The energy of the final photon has a spread AE called 
the width of the state and often denoted as AT; an example is given in Appendix C, 
Fig. C.1. The decay law of the excited state is generally very nearly exponential: the 
survival probability p(t) of the excited state is given by p(t) = exp(—t/T). The width AE 
of the state and the lifetime 7 are related by Fourier transformation and one can show 
that TAE ~ h, so that, from AE = AIT, one has 


Tr~. (4.30) 


However, AE is not the same thing as the dispersion AH of the Hamiltonian computed in 
the excited state. It fact, it can be shown that AT = AE « AH for the exponential decay 
law to be valid; see Exercise 4.4.5 and Appendix C for more details.'* 

Let us look at orders of magnitude for a typical system in atomic physics, the first 
excited state of the rubidium atom. An atom in this state returns to its ground state by 
emitting a photon of wavelength A = 0.78 ~m corresponding to energy ¢ = 1.6 eV. The 
width and lifetime of the state are AT = 2.4 x 10-8 eV and + ~ 1/[ = 2.7 x 10-8 s. The 
energy spread of the excited state is therefore very small compared with the difference 
between the energies of the ground and excited states: AT/e ~ 10~*, which means that the 
energy of the excited state is very precisely defined. The relation (4.30) can be generalized 
to any particle decay, for example, a two-body decay C > A+B. 

As in the case of the Heisenberg inequality (4.10), the dispersion AE is in no way 
related to the accuracy with which the energy can be measured. It is of course possible to 
measure an energy with a precision better than AE. Let us take as an example the energy 
E of the Z° boson, a carrier of the weak interaction (cf. Section 1.1.4); in the Z° rest 
frame E = mzc’, where mz is the Z° mass. The Z° boson is unstable and therefore has a 
width, which has been measured very precisely: Al, = 2.4952 + 0.0023 GeV. However, 
the Z° mass has actually been measured more precisely than ,! The best measurement 
gives m;c* = 91.1875 +0.0021 GeV (Fig. 4.3). In other words, it is possible to locate 
the center of the peak with an accuracy much better than its spread. 


'3 The status of the inequality AE At 2 hi is different from that of (4.10) in that, as shown by Pauli, there is no operator T 
which obeys the commutation relation [T, H] =ih. The quantity Ar is often incorrectly interpreted as the time necessary to 
measure the energy. Also, one cannot invoke the time-frequency inequality for a signal, AtAw > 1/2, because we do not 
have E = ha, but rather hw = (E, — E;), at least in nonrelativistic quantum mechanics. 

'4 The conditions of validity of the exponential decay law are examined by A. Peres, Nonexponential decay law, Ann. Phys. 
(NY), 129, 33 (1980). 
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Fig. 4.3. Mass spectrum of the Z° boson. The solid line shows the raw experimental data. This 
result must be corrected taking into account radiative corrections (photon emission), which can be 
calculated with extremely high accuracy. The dotted line shows the Z° mass spectrum. From the 
LEP collaboration, CERN Preprint EP-2000-13 (2000). 


The relation (4.29) also leads to the idea of “‘virtual particles.” It is possible to interpret 
processes in quantum field theory in terms of virtual particle exchange. For example, 
the Coulomb interaction in the hydrogen atom corresponds to the exchange of virtual 
photons between the proton and the electron. Virtual exchange does not correspond to an 
observable reaction between the particles, because virtual particles cannot satisfy energy— 
momentum conservation together with the condition relating the energy to the momentum 
and the mass E? = p*c?+m*c’*. Let us take the example of interactions between nucleons, 
or strong interactions (cf. Section 1.1.4). In 1935 Yukawa imagined that these interactions 
arose from the exchange of a then-unknown particle which today we call the ™ meson. 
This exchange is represented in Fig. 4.4 by a “Feynman graph.” The proton on the left (p) 
emits a 7* meson and is transformed into a neutron (n), while the neutron on the right 


Fig. 4.4. Feynman diagram for 7-meson exchange. 
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absorbs this 7* meson and is transformed into a proton. Energy—momentum conservation 
forbids the reaction 


pon+m’. 


If the momentum is conserved, the energy cannot be. However, if we assume that the 
reaction occurs over a very short time Af, it becomes possible to have an energy fluctuation 
AE ~ h/At. The energy fluctuation needed for the reaction to be possible is AE ~ m,c’, 
where m,, is the mass of the 7* meson. In the time interval At the meson can travel at 
most a distance!? ~cAt ~ h/m,,c, the Compton wavelength of the 7 meson. This distance 
corresponds to the maximum range /y of the nuclear forces (cf. Section 1.1.4), which is 
of order 1 fm. In this way Yukawa succeeded in predicting the existence of a particle 
of mass of order h/crg ~200 MeV, and indeed the 7 meson of mass 140 MeV was 
discovered some years later. The 7 meson exchanged in Fig. 4.4 is not observable: it is 
virtual. We know today that the nuclear forces are not fundamental but are derived from 
the fundamental forces between quarks. Nevertheless, the argument of Yukawa remains 
valid, because it is possible to write down an effective theory of nuclear forces involving 
meson exchange, where the maximum range of the forces is determined by the lightest 
meson, the 7 meson. Since the photon has zero mass, the range of electromagnetic forces 
is infinite. Indeed, we have seen in Section 1.1.4 that the Coulomb potential is long-range. 


4.2.5 The Schrodinger and Heisenberg pictures 


The point of view adopted above, in which the state vector evolves with time while 
the operators are independent of time, is called the Schrédinger picture. An equivalent 
viewpoint as regards physical results is that of Heisenberg, where the state vectors are 
independent of time and the operators depend on time. To simplify the discussion, we 
shall consider the case of a Hamiltonian H and an operator A which are time-independent. 
This is not the most general situation, because it may happen that even in the Schrédinger 
picture an operator A has an explicit time dependence, or that H depends on time. We 
shall assume that this is not so here, and leave the general case to Exercise 4.4.7. The 
expectation value of A at time ¢ is 


(A) (0) = (oCe)lexo (“= tt) exp (“= #1) eGo). 


If we define the operator A in the Heisenberg picture Ay(t) as 


Ay(t) = exp (“a 1) Aexp (- i) (4.31) 


then the expectation value of A can be calculated as 


(A) o(t) = (P(t) An) 1P(0))- (4.32) 


'S For simplicity we neglect time dilation. 
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The time dependence is incorporated in the operator, leaving the state vector independent 
of f. 


4.3 Approximations and modeling 


We have now stated the general principles that determine the universal framework of 
quantum theory. However, we are not yet ready to take on a physical problem. In order 
to solve a specific problem, for example that of calculating the energy levels of the 
hydrogen atom, we need to fix the space of states and the Hamiltonian appropriately 
according to the degree of precision with which we hope to solve the problem. Choosing 
the space of states and Hamiltonian always implies that we are using a certain approx- 
imation, and this approximation (model) should not be confused with the fundamental 
principles. For example, as we shall show immediately below, the space of states is 
always initially of infinite dimension, but it may turn out that it is possible to find an 
approximation framework where it reduces to a space of finite dimension, and maybe 
even of small dimensions. The dimension N of this space is called the number of levels 
of the approximation. We have already seen an example in our study of spin 1/2. In the 
first approximation the spin degrees of freedom are decoupled from the spatial degrees of 
freedom, which is what allowed us to consider a two-dimensional space and ignore the 
spatial degrees of freedom. Another example is that of a two-level atom, a standard model 
in atomic physics. When we are interested in the interaction between an atom and an 
electromagnetic field of frequency w (in practice, the field of a laser), and if the spacing 
of two energy levels is hw ) ~ hw, we can limit ourselves to these two energy levels. 
They form a basis for a two-dimensional space of states, and then we can write down a 
Hamiltonian for the interaction with the laser field acting in this space; cf. Sections 5.4 
and 14.1.1. This approach provides an excellent approximation for the laser—atom inter- 
action and can easily be refined, for example, by taking into account the effects of level 
splitting due to the spins. 

Unfortunately, the situation is not always so simple. As we shall see in Chapter 9, spatial 
degrees of freedom can be dealt with using the correspondence principle. According 
to this principle, the physical properties corresponding to position and momentum are 
represented by operators R and P with components X; and P,, i, j = (x, y, Z), satisfying 
commutation relations called canonical commutation relations: 


[X,, P,] = ih6,,I. (4.33) 


Taking the trace of the two sides, we see that it is impossible to satisfy these relations 
in a space of finite dimension: the trace of the quantity on the left is zero (the trace 
of a commutator is always zero), while that of the quantity on the right is inN, where 
N is the dimension of AC. Once this feature is recognized, the rest of the procedure 
(which itself is not always unambiguous) consists of replacing the positions | and momenta 
r and p in the classical expression for the energy E by the operators R and P, thus 
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obtaining the quantum Hamiltonian of a particle of mass m with potential energy V(7). 
The correspondence principle therefore gives the transformation E — H: 


> 


pal) 


> F a 
pa AyGies eS =. (4.34) 
2m 2m 


In the case of the hydrogen atom, (4.34) provides a very good approximation if the 
Coulomb potential corresponding to the force law (1.3) is used for V(r) and the space of 
states is taken to be that of the electron. The effect of the finite proton mass is taken into 
account by using the reduced mass. It should be clear that (4.33) and (4.34) represent 
a choice for the space of states and the Hamiltonian, and that approximations have 
been made. In particular, we have neglected relativistic effects, the inclusion of which 
would greatly complicate the problem. As a first step, one could try to generalize the 
expression for the Hamiltonian (which leads to the Dirac equation), but a theory that is 
truly quantum and relativistic requires the introduction of quantized electron—positron and 
electromagnetic fields. This theory is called guantum electrodynamics (QED). Under these 
conditions, the correspondence principle in the form (4.33) is no longer valid;'° in fact, 
there is no longer a position operator. Moreover, quantum electrodynamics itself is very 
likely just an approximation to a more comprehensive theory, and so on. It is therefore 
necessary to distinguish carefully between fundamental principles and the approximations 
needed to solve a specific physical problem. As Isham [1995] has emphasized, the 
standard procedure of “quantizing a classical theory” using the correspondence principle 
has only heuristic value; in the end, the approximations based on this principle or any 
other heuristic approach must be validated by confrontation with the experimental results. 

Up to now we have used different notation for a physical property (A) and the associated 
Hermitian operator (A). Now we shall abandon this distinction and, unless explicitly 
stated otherwise, denote both the property and the operator by upper-case letters: the 
Hamiltonian H, position R, momentum P, angular momentum J, and so on. Eigenvalues 
will be denoted by the corresponding lower-case letter: 7, p, j, ... , with the exception 
of the energy for which we use two different letters: the eigenvalues of H will be 
denoted by E. 


4.4 Exercises 
4.4.1 Dispersion and eigenvectors 


Show that a necessary and sufficient condition for |g) to be an eigenvector of a Hermitian 
operator A is that the dispersion (4.8) A,A = 0. 


'6 Tt is replaced by canonical commutation relations between the fields and their conjugate momenta, which lead to complicated 
mathematical objects called operator-valued distributions. But there is still such a long way to go (gauge invariance, renor- 
malization) before calculating a physical quantity that the correspondence principle appears of rather secondary importance, 
and anyway in practice it is nowadays replaced by the Feynman path integral approach. 
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4.4.2 The variational method 


1. Let |g) be a vector (not normalized) in the Hilbert space of states and H be a Hamiltonian. The 
expectation value (H),, is 


_ (¢lHle) 
a ae 


Show that if the minimum of this expectation value is obtained for |~) = |¢,,) and the maximum 
for |~) = |@y), then 


A|Pn) = EnlPm) and A\gy) = Ey|@mu)> 


where E,,, and Ey, are the smallest and largest eigenvalues. 
2. We assume that the vector |y) depends on a parameter a: |p) = |~(@)). Show that if 


0(H 
( ) ofa) =0, 
0@ a=ay 
then E,,, < (H)¢(q,) if @ corresponds to a minimum of (H) (4), and (H) g(a) < Em if a 


corresponds to a maximum. This result forms the basis of an approximation method called the 
variational method (Section 14.1.4). 
3. If H acts in a two-dimensional space, its most general form is 


a+c b 
H= ; 
( b 


where b can always be chosen to be real. Parametrizing |g(a@)) as 


cos op) 


sina /2 


Ig(a)) = ( 


find the values of a by seeking the extrema of (y(a@)|H|g(a)). Rederive (2.35). 


4.4.3 The Feynman—Hellmann theorem 


Let a Hamiltonian H depend on a parameter A: H = H(A). Let E(A) be a nondegenerate 
eigenvalue and |g(A)) be the corresponding normalized eigenvector (||@(A)||? = 1): 


H(A)|p(A)) = E(A)|g(A)). 
Demonstrate the Feynman—Hellmann theorem: 


dE 


5 = (e(A)|5= |9(a)). (4.35) 


4.4.4 Time evolution of a two-level system 


We consider a two-level system with Hamiltonian H represented by the matrix 


A B 
a=n( 4 ot 
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H=(4). /=()). 


According to (2.35), the eigenvalues and eigenvectors of H are 


in the basis 


0 Pee 
E, =hv A?+B, IX4) = cos 5 |+) +sin 5 |—) 
Me 0 
E_=-hVA*+B’, |x_)= — sin 5 I+) +c0s 5 |—) 
with 
; B 
A=VA2+B’ cos#, B=~V/A*?+B sin8, tan@ = —. 
1. The state vector |g(t)) at time t can be decomposed on the {|+), |—)} basis: 


lp()) =e, (O|+) +¢_(|-). 


Write down the system of coupled differential equations which the components c,(t) and c_(t) 
satisfy. 
2. Let |g(t =0)) be decomposed on the {|x,.), |y_)} basis: 


|p(t = 0)) = |9(0)) =Alx,) +elx_-), [AP + |e)? = 1. 
Show that c,(t) = (+|¢(t)) is written as 


0 ; 0 
c,(t) =Ae cos A —pe'”? sin 5 


with 0 = 2./A?+ B?. Here hQ is the energy difference of the two levels. Show that c, (ft) (as 
well as c_(f)) satisfies the differential equation 


é,(t)+ (2) 0 =0. 


3. We assume that c, (0) =0. Find A and yp up to a phase as well as c(t). Show that the probability 
of finding the system in the state |+) at time f is 


Ot B? Or 
ey ee = 2 
p(t) = sin’é sin (+ ) aR sin (F ). 


4. Show that if c, (t= 0) = 1, then 


Ot Ot 
t) = cos — —icos 6 sin —. 
c(t) =cos 5 icos #sin 5 


Find p(t) and p_(¢), and verify that the result is compatible with that of the preceding question. 
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4.4.5 Unstable states 


Let |~(0)) represent the state vector at time t = 0 of an unstable particle, or more generally 
that of an unstable quantum state such as an atom in an excited state, and let p(t) be 
the probability (survival probability) that it has not decayed at time ft. The particle is 
assumed to be isolated from external influences (but not from quantized fields), so that 
the Hamiltonian H that governs the decay is time-independent. Let |‘P(t)) be the state 
vector at time ¢ of the full quantum system 


0) exp (—*) joo), 


The probability amplitude for finding the state of the quantum system at time r in |g(0)) 
is 


c(t) = (eI) = (#(0)] ex (—*) Joo), 
and the survival probability is 


P(t) = le()? = (PO |GO))? = (HO|PIVO), 
where P = |~(0))(g~(0)| is the projector on the initial state. 


1. Let us first restrict ourselves to very short times. Show that for t > 0 


(AH)’ , 
vr," 
2 
so that, for very short times, the decay law is certainly not exponential. The expectation values 
of H and H? are computed in the state |g(0)). Note that AH must be finite, otherwise |g(0)) 
would not belong to the domain of H’, which would be difficult to imagine physically (see 
Chapter 7 for the definition of the domain of an operator). 
2. A more general result is obtained as follows. Show first that 


p(t) ~1— 


P= (P) —(P)? 
and use (4.27) to deduce the inequality (AH = ((H”) — (H)’)'/”) 
| 2 2 2AH 2H Jett —p). 


Integrating this differential equation, derive 


p(t) > cos? es pepo 
— h ~ ~~ 2AH 


3. Let |n) be a complete set of eigenstates of the Hamiltonian 
H|n) = E,|n). 
Show that c(t) is given by the Fourier transform of a spectral function w(E) 


w(E) = >) |(n|e(0)) |? 8(E — E,). 


Set Ey) = (H) and give the expression of (AH)? in terms of w(E) and Ep. 
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4. If w(E) has a Lorentzian shape 


wan 1 
Dae CE — Eye eT yA’ 


show that 


c(t) a e Fot/h e T/2 


and that the decay law is an exponential. The width of w(E) is AI, but AH is infinite, Thus AH 
is a rather poor measure of energy spread, and the width hI = AE is the physically relevant 
quantity. 


4.4.6 The solar neutrino puzzle 


The nuclear reactions occurring in the interior of the Sun produce an abundance of 
electron neutrinos v.; 95% of these are produced in the reaction 


p+p > H+et+y»,. 


The Earth receives 6.5 x 10'* neutrinos per second and per square metre from the Sun. 
For about thirty years several experiments sought to detect these neutrinos, but all of 
them concluded that the measured neutrino flux is only about half the flux calculated 
using the standard solar model. Now this model is considered to be quite reliable,'’ in 
particular owing to recent results from helioseismology. In any case, the uncertainties 
in the solar model cannot explain this “solar neutrino deficit.” The combined results of 
three experiments (see Footnote 4, Chapter 1) have now shown with no possible doubt 
that this neutrino deficit is due to the transformation of v, neutrinos into other types of 
neutrino during the passage from the Sun to the Earth. These experiments show that the 
total neutrino flux predicted by the solar model is correct, but that the measured electron 
neutrino flux is too small. We shall construct a simplified theory which gives the essential 
physics. We assume that 


e there exist only two types of neutrino, the electron neutrino v, and the muon neutrino v, (in 
fact, there is also a third type, the 7 neutrino v,); 

e the entire phenomenon takes place in a vacuum during the propagation from the Sun to the Earth 
(the propagation inside the Sun actually plays an important role).'® 


It has long been thought that neutrinos have zero mass. If, on the contrary, they are 
massive, we can place them in their rest frame and write down the Hamiltonian in the 


{|v.), |v,)} basis: 


ro-(—) mo) #-e( 2) 


'7 Tt is often said that the interior of the Sun is much better understood than that of the Earth. 
'8 See E. Abers, Quantum Mechanics, New Jersey: Pearsons Education (2004), Chapter 6, for an elementary discussion. 
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The off-diagonal element m makes transitions between electron neutrinos and muon 
neutrinos possible. 


1. Show that the states of definite mass are |v,) and |v,): 
6 cae 
|v,) = cos 5 |v.) + sin 5 lv.) 


0 0 
Iv») = —sin = |v.) +008 = |v,), 


with 


and that the masses m, and m, are 
m+m m.—™M, \2 
m, = Ete (= 
2 
_— m+my, / (a) 
m= >) me + 5 é 


2. Neutrinos propagate with a speed close to that of light; their energy is very high compared with 
(m)c?, where (m) is the typical mass in H. Show that if an electron neutrino is produced inside 


the Sun at time ¢ = 0 with state vector 
0 me, 
|p(t = 0)) =[v,) = 00s 5 |v) —sin 5 |»2), 
the state vector at time t has component on |v.) given by 
_ iE t/h 29 _ 29 -iAEt/h 
(v.|e(t)) =e cos’ — +sin“ ~e ; 
2 2 
where AE = E, — E,. Show that the probability of finding a neutrino v, at time f is 


AEt 
= 1—sin’ sin” | —— }. 
p.(t) sin’ #sin (=) 


This transformation phenomenon is called neutrino oscillation. 
3. If p> (m)c is the neutrino momentum, show that AZ, as measured in the Sun rest frame, is 


(m3—mi)c Am? 3 


2p 2p 


AE 


with Am? = m5 — mj. Then ft must also be measured in the Sun rest frame, and not in the 
neutrino rest frame! 

4. Assuming that half an oscillation occurs during the trip from the Sun to the Earth (that is, 
AE t/h = 77) for neutrinos of energy 8 MeV, what is the order of magnitude of the difference 


of the squared masses Am?? The Earth—Sun separation is 150 million kilometers. 
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4.4.7 The Schrédinger and Heisenberg pictures 


Let a Hermitian operator A be time-dependent in the Schrédinger picture: A = A(t). The 
Hamiltonian H is also assumed to be time-dependent. Show that 


Ay(t) = U"'(t, to) A()U(, t) 


satisfies 


ae ., ( dA(t) 
in = [Ay(). Hy] + ih Ot ) 


where H,,(t) and (0A/0f),, are obtained from H(t) and (dA(t)/dt) by the transformation 
law used for A. 


4.4.8 The system of neutral K mesons 


Let us suppose that at time t = 0 an unstable particle A of mass m is created whose state 
vector at time t = 0 is |g(0)). If the particle A were stable, c(t) would simply be given 
by 


c(t) = exp(-i-*) _ exp(—i™—) 


in the particle rest frame, where its energy is E = mc’, and we would have |c(t)|* = 1 for 
all times ¢, as the probability that the particle exists at any time ¢ would always be unity. 
Now let us suppose that the particle is unstable and that its decay follows an exponential 
law. Then, from Exercise 4.4.5, 


c(t) = exp(—i—") exp(-). 


We would like to adapt this description of particle decay to a two-level system, the system 
of neutral K mesons, by generalizing the differential equation obeyed by c(t) (7 = 1/T) 


ihé(t) = (me? = * Jet. 


There exist two types of neutral K meson,'’ the K° formed from the down quark d and 
the strange antiquark 3, and the K° formed from the d and the s. We recall that the 
charges of the u, d, and s quarks are respectively 2/3, —1/3, and —1/3 in units of the 
proton charge. These mesons are produced by the strong interaction, for which there is 
a conservation law analogous to that for electric charge: the number of strange quarks 
minus the number of strange antiquarks is conserved (just as in a reaction involving 
only electrons and positrons the number of electrons minus the number of positrons is 
conserved owing to electric charge conservation). Let us give some examples. The 7 


') There also exist two charged K mesons, the K+ (us) and the K~ (us). 
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meson is the combination (ud), the 7~ meson is the combination (Wd), and the A° is the 
combination (uds). The reactions 


am (ud) +proton (uud) > K°(ds) + A° (uds) 
and 

K° (ds) + proton (uud) + a* (ud) + A° (uds) 
are allowed, while 

a (ud) + proton (uud) + K°(ds) + A° (uds) 
and 

K° (dS) + proton (uud) > m*(ud) + A° (uds) 
are forbidden. 


1. The (K°, K®) system is a two-level system and its state vector |g()) can be written as 


|(1)) = e(1)|K°) + c(1)|K°) 


in the {|K°), |K°)} basis. The components of the vector |g(t)) satisfy an evolution equation 


c(t t 
n()-"(90) 
c(t) c(t) 
where M is a 2 x 2 matrix. Let C be the “charge conjugation operator” which exchanges particles 
and antiparticles:7° 


C|K°) =|K®), @|K®) = |K®). 


Show that if M commutes with C, its most general form is 


A B 
M= : 


where A and B are a priori complex numbers, because the matrix M is not Hermitian. 

2. What are the eigenvectors |K,) and |K,) of M? Show that it is these two states which have 
well-defined energy and lifetime. If |g(t)) has components c(0) and c(0) at time t = 0, calculate 
c(t) and c(t). We can write 


ih 
A=5[i+2)->i+0)]. 


B= 


NI NIe 


[(@.-£)-5 4-1]. 


3. Imagine that at time f = 0 a K® meson is produced in the reaction 


am (ud) + proton (uud) > K°(ds) + A° (uds). 


20 We can generalize the argument using not @ but the product CP, where P is the parity operator. In fact, experiment shows 
that [M, CP] 40, but the corrections are very small. 
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What is the probability of finding a K° meson at time 1??! Assuming that [, > I, 
show that the probability of observing the reaction 


K° (ds) + proton (uud) — * (ud) + A° (uds) 


for t ~~ T, = 1/T is proportional to 
I, t E,—E,)t 
p(t) = 1—2exp (-) cos ea +exp(—T, fr). 


Plot the curve representing p(t). What can be said about the order of magnitude of 
(E, — E,) versus that of E, or E,? How can (E, — E,) be measured? The numerical values 
are T, ~ 107's, 7, ~ 107’s, and E, ~ E, ~ 500MeV. 


4.5 Further reading 


Our presentation of the postulates of quantum mechanics essentially follows the classical 
expositions of, for example, Messiah [1999], Chapter VIII, Cohen-Tannoudji et al. [1977], 
Chapter III, and Basdevant and Dalibard [2002], Chapter 5. The reader can also consult 
Peres [1993], Chapter 2; Isham [1995], Chapter 5; Ballentine [1998], Chapters 8 and 9; 
and Omnés [1999]. A qualitative discussion of the Heisenberg inequalities can be found 
in Lévy-Leblond and Balibar [1990], Chapter 3. Ballentine [1998], Chapter 12, and 
Peres [1993], Chapter 12, give particularly lucid discussions of the temporal Heisenberg 
inequality. A recent book on epistemological problems in quantum mechanics is J. Baggot, 
Beyond Measure, Oxford: Oxford University Press (2004). 


2! Tn practice, the K mesons travel in a straight line from their production point with a speed close to the speed of light, and 
Pp g ine ‘ Pp Pp P P g 
the detector is located a distance / ~ ct(1—v?/c*)~'/* from the production point. 
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Systems with a finite number of levels 


In this chapter we examine some simple applications of quantum mechanics in situations 
where it is possible to model quantum systems accurately by restricting ourselves to a 
space of states of finite dimension. If each energy level, including degenerate ones, is 
counted once, the dimension of H is equal to the number of levels, and this is why we 
use the term system with a finite number of levels. The first two examples (Section 5.1) 
are taken from quantum chemistry and allow us to study a stationary situation where 
the Hamiltonian is time-independent. But the most important point in this chapter is the 
introduction of time dependence, which will be implemented by coupling a two-level 
system to an external periodic classical field. This will be illustrated by three examples 
of great practical importance: nuclear magnetic resonance (Section 5.2), the ammonia 
molecule (Section 5.3), and the two-level atom (Section 5.4). 


5.1 Elementary quantum chemistry 
5.1.1 The ethylene molecule 


The ethylene molecule C,H, will serve as an introduction to the subject. The “skeleton” 
of this molecule is formed by the so-called o bonds, pairs of a electrons of opposite 
spin common to two carbon atoms or to a carbon and a hydrogen atom, thus forming the 
(C,H,)** ion (Fig. 5.1). The remaining two electrons, called 7 electrons, are mobile — 
they can jump from one carbon atom to another. It is said that they are delocalized. The 
separate treatment of the 7 and o electrons is, of course, an approximation, but one that 
plays an important role in the theory of chemical bonding. Let us begin by putting the 
first 7 electron in place. It can be localized near carbon atom 1; we shall denote the 
corresponding quantum state as |g,).' It can also be localized near carbon atom 2, and 
the corresponding quantum state will be denoted as |g,) (Fig. 5.2). The energy E, of 
this electron when localized near atom | or atom 2 is the same owing to the symmetry 
between the two atoms. We shall approximate the space of states as a two-dimensional 


' Dirac notation is superfluous in this chapter. We use it for coherence, but the reader can dispense with it if desired. 
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Fig. 5.1. The ethylene molecule. 


ly) I~) 


Fig. 5.2. The two possible states of a 7 electron, localized near atom | or near atom 2. 


space A in which the basis vectors are {|~,), |g>)}. In this basis the Hamiltonian can be 
written provisionally as 


E, O 

y= : » Al) 2) = Eol¢1.2)- (5.1) 
0 E 

However, this Hamiltonian is incomplete, because we have neglected the possibility of 

the electron jumping from one carbon atom to another. Within our approximations, which 

are those of Hiickel’s theory of molecular orbitals, the most general form of H is 


a=(* ma (5.2) 


and the off-diagonal element —A is precisely what gives rise to transitions between |¢, ) 

and |g,). By suitable choice of the phase of the basis vectors we can take A to be real; 

cf. Section 2.3.2. We have written A with a minus sign, which is significant because it 

can be shown that A > 0. 

If A+ 0, the states |g,) and |@,) will no longer be stationary states. As we have seen 
in Section 2.3.2, the eigenvectors of H are now 

a! ht 53 

Ix.) = = (Ie) +10) = (1), (5.3) 


J 
I.) = = (Ie) -1)) = (2). (5.4 
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Eyt+A 
2A 


Ey-A 
Fig. 5.3. Energy levels of a 7 electron. 


with 
Alyx.) =(Eo—A)IxX4),  Alx-) = (Eo + ADIX_)- (5.5) 


Since A > 0, the symmetric state |y,) is the state of lowest energy. The spectrum of 
the Hamiltonian is shown in Fig. 5.3, where we see that the ground state is the state |, ) 
of energy (E, — A). These results can be interpreted spatially by studying the localization 
of the electron on the line joining the two carbon atoms, which we take to be the x axis, 
with the origin located at the center of the line. As we shall see in detail in Chapter 9, 
if |x) is an eigenvector of the position operator, the quantity (x|g,) is the probability 
amplitude for finding the electron in the state |g,) at point x. In Chapter 9 we shall call 
this probability amplitude the wave function of the electron. The squared modulus of 
this probability amplitude gives the probability of finding the electron at point x,’ also 
called the probability density for the electron at point x. This interpretation allows us to 
qualitatively represent the probability amplitudes yx, (x) = (x|x,) corresponding to the 
states |y,) as in Fig. 5.4. This probability vanishes at the origin in the antisymmetric 
case |x_), but not in the symmetric one |x). The symmetric or antisymmetric nature of 
the ground-state wave function is related to the sign of A. Most of the time, ground states 
are symmetric, which corresponds to A > 0. 


wee a 


Fig. 5.4. Probability amplitudes for finding a 7 electron at a point x. 


> More precisely, the probability per unit length: |(x|g)|?dx is the probability of finding the particle in the range [x, x + dx]; 
see Section 9.1.2. 
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We still need to place the second electron. This is very easily done if we can ignore the 
interactions between this electron and the first one, that is, if we can use the approximation 
of independent electrons. To obtain the ground state it is sufficient to place the second 
electron in the state |yv,) of energy (E) — A). The Pauli principle (Chapter 13) restricts 
the spin states: if the first electron has spin up (|+)), the second must have spin down 
(|—)), as we shall see in Chapter 13. The ground-state energy of the 7 bond then is 
2(E,) — A), where —2A is called the delocalization energy of the 7 electrons. The crucial 
role played by the independent particle approximation should be emphasized. We have 
assumed that the 7 electrons do not interact with the o electrons or with each other. 
It is difficult to justify this model on the basis of fundamental principles or from what 
are now termed ab initio calculations, but nevertheless it is of considerable practical 
importance. 


5.1.2 The benzene molecule 


In the benzene molecule the o@ skeleton of the (C,H,)°* ion forms a hexagon. If we 
again add the six 7 electrons so as to form three double bonds we obtain the Kékulé 
formula (Fig. 5.5a) and the prediction 6(E,) — A) for the ground-state energy. It is known 
from chemistry that the Kékulé formula cannot be completely correct,* and we shall see 
that taking into account the delocalization of the 7 electrons along the entire hexagonal 
chain leads to an energy lower than 6(E, — A). Therefore, the Kékulé formula does not 
give the correct ground-state energy. Let us begin by considering the addition of a single 
electron, assigning the numbers 0 to 5 to the carbon atoms along the hexagonal chain 
starting from an arbitrary origin (Fig. 5.5b).4 For example, we use |g;) to denote the 
state where the electron is localized near atom 3. Since it is just as easy to deal with 


(a) (b) 
H 


Fig. 5.5. (a) Hexagonal configuration of the benzene molecule. (b) The skeleton of o electrons. 


3 For example, there exists a single form of orthodibromobenzene, whereas the Kékulé formula predicts two different ones. 
Moreover, the length of the bond between two carbon atoms in benzene (1.40 A) is intermediate between the lengths of a 
simple (1.54 A) and a double (1.35 A) bond. 

+ As we shall soon see, it is much more convenient to number from 0 to 5 rather than from | to 6! 
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any number N of carbon atoms forming a closed chain, that is, a regular polygon of N 
sides, we shall use |g,,) to denote the state where the electron is localized near the nth 
atom, n=0,1,..., N—1, with N = 6 for benzene. Atoms n and n+W are identical: 
n=n+N. The space of states has N dimensions, and the Hamiltonian is defined by its 
action on |@,,): 


A|@,) = Eo|@n) — AU Pn) + 1Pn41))- (5.6) 


We shall use the symmetry of the problem under circular permutations of the N atoms of 
the chain to find the eigenvalues and eigenvectors of H. Let U, be the unitary operator 
performing a circular permutation of the atoms in the direction n > (n—1): 


Upl@n) =1Pn-1)»  Upl@n) = Up Pn) = |Pn41)- (5.7) 
According to (5.6) and (5.7), we can write the Hamiltonian as 
H = E,I—A(Up+U;), (5.8) 
which implies that H and Up commute: 
[7,05 |=, (5.9) 


and therefore have a basis of common eigenvectors. Let us look for the eigenvectors 
and eigenvalues of Up, as this operator is a priori simpler than H. Since U, is unitary, 
its eigenvalues have the form exp(id) (see Section 2.3.4). From (Up) = 1, we deduce 
exp(iN6d) = 1, and so the eigenvalues can be classified by an integer index s: 


6=6,=—, s=0,1,..:,N—1. (5.10) 
We have therefore determined the N distinct eigenvalues of Up. Since the latter acts in 


a space of dimension JN, the corresponding eigenvectors are orthogonal and form a basis 
of H. Let us write a normalized eigenvector |x,) in the form 


N-1 N-1 
IX =o Glee). Dole Pat: (5.11) 
n=0 n=0 
On the one hand we have 
N-1 N-1 
Up|x;) = om CnlPn—1) = am CnilPn)> 
n=0 n=0 
while on the other 
N-1 


Usly,) =e" |x,) = ¥~ ec, |¢,): 


n=0 
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Equating the coefficients of |g,,) in these two equations leads to 
Swe oor eS eG, 


The eigenvector corresponding to the eigenvalue exp(id,) then is 
1 N-1 se 
Xs) = = ee le, (5.12) 
Tne 


The choice cy) = 1/WN ensures that |y,) is normalized. The bases |g,) and |y,) are 
complementary according to the definition given in Section 3.1.2. Taking into account 
the expression (5.8) for H, the eigenvalue E, is given by 


Ss 


E.= Eh - A(e* + ot) = E, —2Acos6, 
or (Fig. 5.6) 
2778 
E, = Ey —2Acos a (5.13) 


We could have obtained (5.13) directly without the intermediary of the circular permu- 
tation operator Up. However, our use of Up illustrates a general strategy and is not just a 
computational trick. We shall often use this strategy, as it simplifies, sometimes greatly, 
the diagonalization of the Hamiltonian: instead of diagonalizing H directly, we first diag- 
onalize the unitary symmetry operators which commute with H, when such operators 
exist owing to some symmetry of the physical problem. 

It should be noted that the values s and s = N —s give the same value of the energy; 
aside from s = 0 and s = N — 1 (for N even), the energy levels are doubly degenerate. It is 


Fig. 5.6. Energy levels of a 7 electron of the benzene molecule. 
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possible to obtain eigenvectors of H with real components by forming linear combinations 
of |x,) and |x;): 


IX) = 5 (xd) +19) = Ny . <a Nes) (5.14) 


N-1 


=e) = a sin 


27ns 


= ae 
=o IP,)- (5.15) 


Now we can write down the results for the eigenvalues of H and the corresponding 


eigenvectors in the case of benzene, where N = 6, cos(27r/6) = 1/2, and sin(27r/6) = 


J3/2 (Fig. 5.6): 


s=0 E=E,—-2A 


1 
= —(1,1,1,1,1,1 
Xo) eS ); 
<A, 5° 2S 
1 1 1 1 1 1 1 1 1 
a = ez Le Ss, ). 7 = (0,5,5,0,-3,-5 > 
Xi 5 ( 2G 25 Xi? i 4 


(ies ey ees Oe ees (5.16) 


Let us now find the ground state, that is, the state of lowest energy of the benzene 
molecule, by placing the six delocalized a electrons. In the approximation where the 
electrons are independent, this state will be obtained by first putting two electrons of 
opposite spins in the level E, —2A. The Pauli principle (Chapter 13) forbids any more 
electrons in this level. As the level (E, — A) is doubly degenerate, we can put four 
electrons in it (two pairs of electrons with opposite spins). This gives the total energy 


E =2(E, —2A) +4(E) — A) = 6Ey — 8A. (5.17) 


This energy is lower by 2A than the energy in the Kékulé formula (6E, — 6A). The 7 
electrons of benzene are not localized on the double bonds, but are delocalized along the 
entire hexagonal chain, and this form of delocalization decreases the energy by 2A. 

By comparing the heat of hydrogenation® of benzene into cyclohexane 


C,H, + 3H, > CsH,2 — 49.8 kcal mol7! 


> For purists: this is in fact a variation of the enthalpy, but the difference is negligible. 


132 Systems with a finite number of levels 


with that of cyclohexene, which contains a single double bond, 
C,H, +H, > C,H, — 28.6 kcal mol“, 


we can estimate 2A: 2A = 3 x 28.6 — 49.8 = 36 kcalmol7! ~ 1.6eV. However, this 
estimate is at best an order of magnitude, because it involves uncertainties which are 
difficult to evaluate. They arise mainly from the approximation of independent electrons, 
which is poorly controlled. 


5.2 Nuclear magnetic resonance (NMR) 


In Section 5.1 we studied the energy levels of time-independent Hamiltonians. In the 
next three sections we introduce a time-dependent interaction for a two-level system by 
placing it in an external classical field which is periodic with frequency w. Under these 
conditions it is clear that stationary states no longer exist, and the interesting problem 
is now the study of transitions from one level to another induced by the external field. 
We shall find the following fundamental result: if w ~ wo, where hw, is the energy 
difference between the two levels, a remarkable resonance phenomenon occurs. We are 
going to give three examples of great practical importance: nuclear magnetic resonance 
in the present section, the ammonia molecule in Section 5.3, and the two-level atom in 
Section 5.4. 


5.2.1 A spin 1/2 in a periodic magnetic field 


Nuclear magnetic resonance (NMR) rests on the fact that an atomic nucleus with nonzero 
spin possesses a magnetic moment. We shall limit ourselves to spin-1/2 nuclei ('H, '°C, 
'9R, etc.), for which the magnetic moment, which is an operator in quantum mechanics, 
is given by 

1 


p= yS= 5 ho, (5.18) 


where S is the spin operator defined in Section 3.2 and y is the gyromagnetic ratio: 


£9 
= (5.19) 
m 


Pp 


7 = 5.59 for the proton, 1.40 for °C, 5.26 for '°F, and so on. The nuclear spin is placed 
in a magnetic field B) pointing in the Oz direction. Following (3.61), we can write the 
Hamiltonian H, of the nuclear spin as 


—, ] ] 


with w) = yBo, or in matrix form in the basis in which a, is diagonal: 


] ® O 
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We note that since the proton charge q, is positive there is no minus sign in the definition 
of Wp, in contrast to the case of Section 3.2.5 for the electron. Here w, is the Larmor 
frequency, the frequency with which the classical magnetic moment precesses about By 
(Fig. 3.7). In the case of the proton the Larmor precession is in the clockwise direction. 
The state |+) has energy —hw,/2, and the state |—) has energy hw,/2. We therefore 
have a two-level system, the two Zeeman levels of a spin 1/2 in a magnetic field, with 
the energy difference of the levels being hwo. 

Now let us add to the constant field By a periodic radiofrequency field B, (t) parallel 
to the xOy plane and rotating in the clockwise direction,° that is, in the same direction 
as the Larmor precession, with angular speed w: 


B,(t) = B,(Xcos wt — sin at). (5.22) 


In practice, such a field can be obtained by means of two coils placed along the Ox 
and Oy axes and fed by an alternating current of frequency w. The contribution to the 
Hamiltonian due to the field B,(t) is 


= 1 
H(t) =—p-B,(t) = => hw |(o, cos wt — 0, sin wt), 


where w, = yB, is the Rabi frequency, often called the nutation frequency w,,, in NMR. 
The total time-dependent Hamiltonian H(t) in matrix form is then 
1 w w eiet 
H(t) =H) +H,(th=—-xh 3 2 
Q=meMn=-5A( ME”), (5.23) 


where we have used the expressions (3.49) for o, and a,. It is now easy to write down 
the Schrédinger equation in matrix form (4.13), decomposing the state vector |ys(t)) onto 
the basis vectors |+) and |—): 


W()) =e. [+) +¢_(|-). (5.24) 
We obtain the following system of differential equations for c..(t): 
_ de 1 1 - 
i =k 5 Wolx — 5 Wie ce (5.25) 


5.2.2 Rabi oscillations 
To solve the system of differential equations (5.25), we define the coefficients y(t) as 
cx (t) = y, (emer. (5.26) 


This definition has an interesting geometrical interpretation. When B, = 0 the spin 
simply performs Larmor precession (Fig. 3.7) about By in the clockwise direction with 


© We could also use a field B,(t) parallel to Ox; see Exercise 5.5.6. 
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frequency @,. Instead of using the laboratory frame to measure the x and y components 
of the spin, we can use the reference frame rotating around Oz with the Larmor frequency 
Wp, in which |y(t)) becomes |y'(1)):’ 


[y(t)) > [p(y = e170"? |) 
= Hr) eM? 4) 4 6 (pt) eloi/2|_), (5.27) 


The operator which performs a rotation by an angle @ about Oz is exp(—i00,/2), so that 
the coefficients y,.(t) are just the components of the state vector in the rotating reference 
frame. Another way of interpreting the transformation (5.27) is to note that if B, = 0, 
then 


c(t) = eto? ¢,(0) -y.(¢) = const. 


and the transformation (5.26) allows us to eliminate the trivial time dependence due to 
H,. Using 


d 1 d , 


we can transform (5.25) into 


ove = -5 @, eto-eo)t y _(t) = =—-q@,e HOt (2); (5.28) 
The difference 6 = (w—w,) between the frequency of the external field and the Larmor 
frequency is called the detuning, and the offset frequency by NMR practitioners. It is 
particularly easy to solve (5.28) in the case of resonance, 6 = 0 (we shall see shortly the 


reason for this terminology): 


ds 1 
——— =-- __(t). 5.29 
itt = —5 w7-(0) (5.29) 


Differentiating one of the equations with respect to time and using the second equation, 
we obtain 


dy, Lg 
dp =~ 7 1 s(0).- (5.30) 


This equation can be integrated immediately. The solution depends on two constants a 
and b, |a|? +|b|? = 1, which are related to the initial conditions: 


¥,.(1) = acos(* 5 ‘) +b sin( S), 


y_(t) =ia sin("*) —ib cos( sy ; 


Equation (5.31) can be given a very interesting geometrical interpretation in the rotating 
reference frame. If the angle 0 is defined as w,t = 0, the operation (5.31) amounts to 


(5.31) 


T Another method of solving (5.25) is to use a reference frame rotating with frequency w. 
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rotating the spin by an angle —6 about the Ox axis. This can be seen using the expression 
for the operator that performs a rotation by an angle —6 about the Ox axis:* 


U[R,(—6)] = exp (: ; a.) 


We then have 


(38) (28)-(SE SCG). om 


2 2 


in agreement with (5.31). The classical picture of the rotation is also interesting. In 
the rotating frame, the spin sees a time-independent field B,, which is aligned along 
Ox. Thus (5.31) is nothing other than the Larmor precession about B, with an angular 
frequency w,. To illustrate this rotation, let us suppose that at time ¢ = 0 the spin is in the 
state |+), which has the lowest energy —hw,/2: a= 1, b=0. At time ¢ the probability 
p, of finding the spin in the state |+) will be 


p.() = (+10()P = ly. (9P =c0s?(S"), 
(5.33) 


pC) = KW)? = bP = sin? (S*), 


The oscillations between the two levels are called Rabi oscillations. A spin which is 
initially in the state |+-) will be found in the state |—) at times ¢ given by 


a a 0,1,2,3 (5.34) 
—={n+-—-)7, n=0,1,2,3,... : 
2 2 


If the radiofrequency field B, (t) is applied during a time interval [0, ¢] satisfying (5.34), 
in general with n = 0, it is said that a 7 pulse has been applied. When 


wt Lys 7 
— = ~|-, c= Me se eer 5.35 
5 (n+ 5) a OF (5.35) 
we say that a 77/2 pulse has been applied. The spin is then in a linear combination of the 
states |+) and |—) with equal weights. 

In the off-resonance case, starting from (5.28) we obtain a second-order differential 
equation for y,: 


Sg ae a0, 5.36 
a ae oe, ae O29) 


8 This expression is derived from Exercise 3.3.6, eq. (3.67), by taking the unit vector p parallel to Ox. 
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the solutions of which we seek in the form 
¥+() =r 


The values of Q, are the roots of a second-order equation given as a function of the 
frequency Q = (#7 + 67)!” by 


1 
oO. = 560]. (5.37) 
The solution of (5.36) for y, is a linear combination of exp(iM, 1) and exp(iQ_1): 
y(t) = Aexp(iQ, t) + wexp(iQ__t). 


Let us choose the initial conditions y,(0) = 1, y_(0) =0. Since y_(0) « y,(0), these 
initial conditions are equivalent to 


A+pm=1 and AQ, +pQ_=0, 


and so 
QO O 
A = —_-—, — i 
oo DH 
The final result can be written as 
idt/2 Or Or 
y,(t) = —- 200s Ht —i8sin |: (5.38) 


10, ~i8t/2 
t) = — —, 3.39 
v0) = te? sin = (5.39) 
which reduces to (5.31) when 6 = 0. The factor exp(+i6t/2) arises because 6 is the Larmor 
frequency in the rotating reference frame. Equation (5.39) is particularly interesting. It 
shows that if we start from the state |+-) at t = 0, the probability of finding the spin in 


the state |—) at time f is 
- Or 
pws St sin’ ($*) (5.40) 


We see that the maximum probability of making a transition from the state |+) to the 
state |—) for Qt/2 = 7/2 is given by a resonance curve of width 6: 


max __ 1 _ or = oi 

= w7t+8 w+ (w—a,)? oy 
As shown in Fig. 5.7, the Rabi oscillations are maximal at resonance and decrease rapidly 
in amplitude with growing 6. This has a clear intuitive interpretation: the influence of the 
radiofrequency (RF) field B, is maximal when it rotates with the same speed as the spin 
undergoing Larmor precession about Oz, so that the spin sees a constant field B, instead 


of a periodic one. 
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Fig. 5.7. Rabi oscillations. (a) 6 = 0, (b) 6 = 3@,. In case (b) the maximum value of p_(f) is 1/10. 


5.2.3 Principles of NMR and MRI 


NMR is principally used to determine the structure of molecules in chemistry or biology, 
and for studying condensed matter in the solid or liquid state. A detailed description 
of how NMR works would take us too far afield, and so we shall only touch upon 
the subject. The sample under study is placed in a uniform field By of several teslas, 
the maximum strength attainable at present being about 20 T (Fig. 5.8). An NMR is 
usually characterized by specifying the resonance frequency’ V) = w)/(27) = yBy/(277) 
for a proton: a field of 1 T corresponds to a frequency of about 42.5 MHz, and so we 
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Fig. 5.8. Schematic depiction of an NMR. The static field By is horizontal and the RF field is 
generated by the vertical solenoid, which is also used for signal detection. The RF pulse and the 
signal are drawn on the bottom right of the figure. One notices the exponential decay of the signal 
and the peak of its Fourier transform at w = w). After Nielsen and Chuang [2000]. 


° See Footnote 23 of Chapter 1. 
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have an NMR of 600 MHz if the field B, is 14 T. Owing to the Boltzmann law (1.12), the 
|+) level is more populated than the |—) level, at least if y > 0, which is the usual case: 


= h 
sp (3) a 


At room temperature for an NMR of 600 MHz, the population difference 


_ fw 
p,—Pp_= kT 
between the levels |+) and |—) is ~5 x 107°. 

The application of a radiofrequency field B,(t) near resonance during a time f such 
that w,t = 7, or a 77-pulse (see (5.34)), causes the spins in the state |+) to flip to the 
state |—), thus inducing a population inversion relative to the equilibrium situation, so 
that the sample is no longer in equilibrium. The return to equilibrium is governed by a 
relaxation time 7, | the longitudinal relaxation time. For reasons which will be explained 
in Section 6.2.4, a 7/2 pulse is generally used, and so w,t = 7/2. This corresponds 
geometrically to rotating the spin by an angle 7/2 about an axis in the xOy plane 
(cf. (5.32)); if the spin is initially parallel to Be it ends up in a plane perpendicular to 
By, a transverse plane (whereas a 7-pulse aligns the spin in the longitudinal direction 
—B)). The return to equilibrium is then governed by a relaxation time 7}, the transverse 
relaxation time. In any case, the return to equilibrium is accompanied by the emission 
of electromagnetic radiation of frequency wy, and Fourier analysis of the signal gives 
a frequency spectrum which permits the structure of the molecule under study to be 
reconstructed. In doing this, the following basic properties are used: 


e the resonance frequency depends on the type of nucleus through y; 

e the resonance frequency of a given nucleus is slightly modified by the chemical environment of 
the corresponding atom, which can be taken into account by defining an effective magnetic field 
Bo acting on the nucleus: 


B,=(1-0)B,, o~10°, 


where o is called the chemical shift. There are strong correlations between o and the nature of 
the chemical group to which the nucleus belongs; 

e the interactions between neighboring nuclear spins lead to a splitting of the resonance frequencies 
into several subfrequencies, which are also characteristic of the chemical groups. 


This is summarized in Fig. 5.9, where we show a typical NMR spectrum. In the 
case of magnetic resonance imaging (MRI)'! one is interested exclusively in the protons 
contained in water and fats. The sample is placed in a nonuniform field Bo which 
makes the resonance frequency spatially dependent. Since the signal amplitude is directly 
proportional to the spin density, and thus to the proton density, it is possible to obtain a 


10 When a field Bo is applied, thermodynamical equilibrium (5.42) is not established instantly, but only after a time ~7;. 
'l The adjective “nuclear” was dropped in order not to frighten the public! 
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OH CH, CH, TMS 
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Fig. 5.9. NMR spectrum of protons of ethanol CH,CH,OH, obtained using an NMR of 200 MHz. 
The observed peaks are associated with the three groups OH, CH;, and CH,. The dashed line 
represents the integrated area of the signals, and the peak splitting is explained in Exercise 6.5.6. 
The TMS (tetramethyl silane) is a reference signal. 


three-dimensional image of the density of water in biological tissues by means of complex 
computer calculations. The spatial resolution is of the order of a millimeter, and an image 
can be made in 0.1 s. This has permitted the development of functional MRI (fMRI), 
which can be used, for example, to watch the brain in action by measurement of local 
variations in the blood flow. The longitudinal and transverse relaxation times T, and T, 
play an important role in obtaining and interpreting MRI signals. 

Although we shall meet the Rabi oscillations between two levels again in the next two 
sections, there are important differences of principle between NMR and the problems of 
molecular and atomic physics of these sections, on which we shall comment at the end 
of Section 5.4. 


5.3 The ammonia molecule 


The ammonia molecule will serve as the second example of a two-level system which 
can be coupled to an external periodic field. 


5.3.1 The ammonia molecule as a two-level system 


The ammonia molecule has the form of a pyramid with the nitrogen atom at the summit 
and the three hydrogen atoms forming an equilateral triangle which is the base (Fig. 5.10). 
There are a great many possible motions of this molecule. It can undergo translations 
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Fig. 5.10. The two configurations of the ammonia molecule. 


and rotations in space, the atoms can oscillate about their equilibrium position, and the 
electrons can be in excited states. Once the degrees of freedom corresponding to the 
translation, rotation, and vibration of the molecule in its electronic ground state are fixed, 
there are still two possible configurations for the molecule rotating about its symmetry 
axis.!? These two configurations are reflection-symmetric, one being the reflection of 
the other in a plane (Fig. 5.10). To go from one configuration to the other, the nitrogen 
atom must cross the plane formed by the hydrogen atoms. This is possible owing to the 
tunnel effect, which we shall explain in Section 9.4.2. Here we shall focus exclusively 
on these two configurations, which is justified by the energies involved.'? As in the case 
of the ethylene molecule, we shall use a two-dimensional space to describe these two 
configurations. The molecule in state 1 (2) of Fig. 5.10 will be described by the basis 
vector |~,) (|@>)). If the nitrogen atom were unable to cross the plane of the hydrogen 
atoms, the energies of the states |g,) and |g,) would be identical and equal to Ep. 
However, there exists a nonzero amplitude for crossing this plane, and the Hamiltonian 


takes the form (5.2) 
Ey, —A 
H=( * A 
( -A_ Eo ie 


with, of course, values of E, and A completely different from those in Section 5.1. The 
value of E, is irrelevant for our discussion. However, it is worth noting that the value 


© The importance of this rotation for generating the two different configurations has been emphasized by Feynman, and it has 
often been neglected in later discussions by other authors. In fact, if this rotation were absent, it would be possible to pass 
continuously from one configuration to the other by a spatial rotation. 

The ammonia molecule possesses two rotational eigenfrequencies, one of which is degenerate. They correspond to the 
energies 0.8 x 10-3 eV and 1.2 x 10-3 eV (degenerate). There are four vibrational modes, two of which are degenerate; the 
energy of the lowest one is 0.12 eV. In addition, the complications arising from the hyperfine structure should be taken into 
account. 
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Fig. 5.11. Splitting of the two levels Ey and E>. 


of A in (5.43) differs from that in (5.2) by several orders of magnitude. We now have 
2A ~ 10~* eV, whereas before 2A was of order 1 eV. This reflects the fact that it is 
easy for a 7 electron to jump from one atom to another, whereas it is very difficult 
for the nitrogen atom to cross the plane of the hydrogen atoms. This energy 107+ eV 
corresponds to frequency 24 GHz or wavelength 1.25 cm. It is very low compared with 
the electron excitation energies (several eV), and also low compared with the vibrational 
(~0.1 eV) and rotational (~ 10~* eV) energies (see Footnote 13). These numbers justify 
the approximation as a two-level system, because the difference between two adjacent 
rotational levels is of order 10A (Fig. 5.11). However, the molecule is not in its ground 
rotational state; since kz T ~0.025 eV is large compared with ~ 10-3 eV, the rotational 
levels are thermally excited. Following the discussion of Section 5.1.1, the energy levels 
of H are E, +A, corresponding to the stationary states (5.2) and (5.3): 


By- A: lx.) = (lo) +1e)) = ()). (5.48) 


= (Ie)-1e) = (2). (5.45) 


The symmetric state |x) is the ground state of energy (E, — A), and the antisymmetric 
state |y_) is the excited state of energy (E)+ A). 


E,+A:|x_) = 


5.3.2 The molecule in an electric field: the ammonia maser 


The ammonia molecule possesses an electric dipole moment d which, by symmetry, is 
perpendicular to the plane of the hydrogen atoms. Since the hydrogen atoms tend to lose 
their electrons and the nitrogen atom tends to attract them, this dipole moment points 
from the nitrogen atom toward the plane of the hydrogen atoms (Fig. 5.10). Let us place 
the molecule in an electric field € pointing in the Oz direction. The energy of a classical 
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dipole d in an electric field € (we use the script letter for the electric field to avoid 
confusion with the energy) is 


E=-d-é. (5.46) 


In quantum mechanics the dipole moment is an operator D expressed as a function of 
the charges and the position operators of the various charged particles. We shall restrict 
D to our two-dimensional subspace, so that it is given by the following matrix in the 


{121}, |@2)} basis: 
r d 0 - dé 0 
-B>(4 ay cad =( 0 aie 


This corresponds to the diagram in Fig. 5.10. The energy of the state |@,) in this figure 
is +d € because the dipole moment is antiparallel to the field, and the energy of the state 
|p) is —d € because the dipole moment is parallel to the field. The ultimate justification 
for the matrix form of this dipole moment lies in its agreement with experiment. The 
Hamiltonian then takes the form 


_(Ejxtd€ —A 
a=( - en (5.47) 


Oy 


Let us first study the case of a static electric field. The Hamiltonian is then independent 
of time. The eigenvalues can be calculated immediately:'4 


eae —A 


_(Pp_PF\. a 
=f pape ae Ey)’ — (dé) — A? =0, 


giving 
Eg =Ejev A +(dé). (5.48) 


These eigenvalues are shown in Fig. 5.12 as a function of €. If dE > A, the energies are 

~ E,+dé and the corresponding approximate eigenvectors are |g,) and |g,). In practice, 

the opposite case is the usual one: d€ < A. We can then expand the root in (5.48) as 
Lee 


E,~E,=Azt- 
+ le ace Ray 


Up to terms of order d €/2A (cf. Exercise 5.5.4) the eigenvectors are |v) and |y_). If 
the electric field is nonuniform, the molecule will be subject to a force 


(5.49) 


- 5 @ = 
F, = —-VE, =+— Vé’. 5.50 
2 = VE, = 25 (5.50) 


As in the Stern—Gerlach experiment, it is possible to separate the eigenstates |v.) of the 
Hamiltonian (5.47) experimentally, using a nonuniform electric field;!> see Fig. 5.13. 


'4 The results of Section 2.3.2 can also be used. 
'S Tn practice the field is chosen such that |y_) is focused and the state |y,) is defocused; cf. Basdevant and Dalibard [2002], 
Chapter 6. 
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Fig. 5.12. Values of the energy as a function of the electric field €. 


Let us now assume that the electric field is an oscillating field: 
1 : , 
E(t) = E, cos wt = 5 ote fom +e), Ey real > 0. G51) 


The Hamiltonian depends explicitly on time. It will be convenient to take as the basis 
vectors the stationary states |yv,) and |y_) ((5.44) and (5.45)) of the Hamiltonian (5.43), 
rather than |¢,) and |g_). The Hamiltonian (5.47) in this new basis becomes 


E,—-A d€(t) i: 


io) =( d&(t) EytA pea 


Let us write down the general time-dependent state vector: 


WO) =e, Olx4) +e Olx). (5.53) 


The evolution equations (4.13) are 


d 
= = (Ey—A)c, +d E(t)c_, 


: (5.54) 
ih = dE(t)c, +(EytA)c. 


Thanks to our choice of basis vectors, when £0 


c(i) = 7, exp(—io,t), c_(t)= y_exp(—io_)), 


where w, = (Ey — A)/h, o_ = (Ey + A)/h, and y, and y_ are constants. It will be 
convenient to set @) = 2A/h, which physically represents the angular frequency, about 
1.5x10'* rads~', of the electromagnetic wave emitted when the molecule makes a transi- 
tion from the excited level of energy (Ey + A) to the ground state of energy (E, — A), so 
that 2A is the energy of the photon emitted in this transition. The frequency w, is again 
called the resonance frequency, and the strong resemblance to the NMR equations should be 
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noticed. This resemblance is not surprising, as in both cases we are dealing with a two-level 

system coupled to an oscillating perturbation. We can take the analogy farther by setting 

E, = 0, which simply amounts to redefining the zero of the energy so that w, = —-a,/2. 
When €) #0 we can as before write 


c(t) = y,(O exp(—iw,t), c_(t) = y_() exp(—iw_t), 


with the difference that y, are no longer constants. Now they are functions of time, and 
we can repeat the calculation leading to (5.28) 


dc, 
dt 


Substituting these into (5.54), we find 


dy, _ dé(V) 
‘dt hh 
.dy_ da &(t) 
‘dt hh 
We have obtained a system of coupled differential equations, which shows that the 
electric field induces transitions from the state |v, to the state |y_) and back. Now let 
us substitute the electric field (5.51) into (5.55): 


d 
= (en - i) exp(—iw,1). 


exp(—i@ot) y_(t), 
(5.55) 


exp(iwot) y, (7). 


& 
jo = a (expli(w — @,)t] + exp[—i(@ + wy)tl) ants 
(5.56) 
dy d& 


i= = $2 (expli(w+ oe] + exp[—i( — @)1]) 7, (0. 
These equations are exact, but they cannot be solved analytically.!° We shall obtain 
an approximate solution first assuming that the perturbation due to the electric field is 
weak: d €) « A, or, equivalently, dE)/h « wy. The Rabi frequency is now w, = d €,/h. 
The weak-field condition can therefore also be written as w, < @y, which is (almost) 
always realized in practice. Under these conditions the functions y,.(t) vary slowly over 
a characteristic time w,': 


dy, 
dt 01|¥z~| K Ml V=l- 


The second hypothesis needed for a simple approximate solution of (5.56) is that the 
frequency of the electric field be close to resonance, w ~ w,. This can be expressed as a 
function of the detuning 6 = (w —w,), so that we can state the preceding condition more 
precisely as |5| < wy). Under these conditions the terms that behave as 


exp(+i(@ + @,)t) ~ exp(+2i@f) 


'© Had we chosen a linearly polarized magnetic field in (5.22) instead of a circularly polarized field, we would also have 
needed to appeal to the rotating wave approximation: see Exercise 5.5.6. 
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in (5.56) vary very rapidly compared with the terms 
exp(+i(@ — @,)t) ~ exp(+idr), 


and so their effect averaged over time is negligible. Omitting these terms, an approxima- 
tion known as the rotating-wave or quasi-resonant approximation, we finally obtain the 
following system of coupled equations: 


jv =~! expli(@— 0) t]7;(0). (5.57) 
t a 

This system of coupled differential equations, which is identical to that of (5.28) for 
NMR up to an unimportant overall sign, can now be solved analytically. Again we stress 
the fact that the two conditions w, < w, and |6| < wp are essential in going from (5.56) 
to-6.37): 

Let us now take the frequency of the electric field equal to the transition frequency, 
so that we are sitting right on the resonance: w = wy). We assume that at time t = 0 
the molecule is in the state |y_) of energy (E) + A) (a =0, b=1).'” To calculate the 
probability p, of finding the molecule in the state |y,) at time ¢ it is sufficient to 
copy (5.33): 


p_() =x WO)? = ly OP = cos?(S*), 
(5.58) 


pi) = Kx. W@>P = InP = sin’). 


The molecule goes from the state |yv_) to the state |y,) with angular frequency w,/2 = 
dE, /2h. 

Having put the molecule in the state |y_) by means of the filter described above, the 
molecule is then allowed to pass through a cavity in which there is a field oscillating at 
the resonance frequency (Fig. 5.13). The molecule crosses the cavity in a time interval rf. 
If this time is adjusted such that 


that is, a 7r-pulse, at the exit from the cavity, all the molecules that have passed through 
will be in the state |y,). By energy conservation the molecules deliver energy to the 
electromagnetic field. This process is called stimulated (or induced) emission. If the 
molecules are initially in the state |v), they will absorb energy from the electromagnetic 
field in going to the state |y_), a process called (stimulated) absorption. 

The process of stimulated emission can be used for amplifying an electromagnetic field 
provided that molecules can be produced in an excited state, that is, that a population 


'7 Tn the case of NMR the spin is initially in the lowest energy state, while in the case of the maser we are interested in the 
opposite situation. 
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Fig. 5.13. The ammonia maser. 


inversion can be generated.'® The experimental apparatus shown schematically in Fig. 5.13 
realizes such an amplification. The molecules selected in the state |yv_) cross a cavity of 
suitable length in which there is an electric field oscillating at the resonance frequency. 
This apparatus is a prototype of a maser.!” 


5.3.3 Off-resonance transitions 


Now let us imagine the system is away from resonance, w ~ w, but w 4 wp, and start 
for example at time tf = 0 from a molecule in the state |y,). We wish to calculate the 
probability p(w; t) of finding the molecule in the state |y_) at time ¢. Exact solution of 
Eqs. (5.57) gives the result (5.40) which can be written as 


(5.59) 


We recall that the Rabi frequency w, = d €)/h. Although we can write down the exact 
solution, it is useful to find a simple approximate solution of (5.57) when the condition 


dEvt 
h 


h 1 
=wt<l or t<—-=—=7T, (5.60) 
dé, @, 


18 As we have already seen in (5.42), if Ey is the ground-state energy and E, the excited-state energy, the ratio P;/Po 
of the probabilities of finding an atomic or molecular system in the state E, or Ey is given by the Boltzmann law: 
P, /Po = exp[(Ey — E))/kgT] < 1. It is therefore necessary to depart from thermal equilibrium to obtain such a population 
inversion. 

'9 Maser is an acronym for “microwave amplification by stimulated emission of radiation,” and laser for “light amplification 
by stimulated emission of radiation.” 
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is satisfied: that is, for sufficiently short times. This approximate solution is interesting 
because it may be used in many problems that cannot be solved exactly and it sets the 
stage for Chapter 9. At t = 0 we have 


Vol. 0, 


We are interested in a process in which the absorption of electromagnetic radiation makes 
it possible to go from the ground state to an excited state. In solving (5.57) for y_(t) we 
can assume that y, ~ 1; in fact, owing to the condition (5.60) there is no time for y, to 
vary appreciably. The approximate solution of the equation giving y_ is then obvious: 


; 1- —i(@—W)t 
y_(t)~ = | So cej tian ese, “Bien 
21 Jo 2 W— Wo 
This gives the transition probability at frequency w, p(@; f): 
1 in” [(w — wo)t/2 
p(w: =|y()P = 5 ope ee ool? (5.62) 


4 [(@ — wo) 1/2)? 


It thus appears that p(@; 1) « f° for |6|t < 1, but this situation actually arises because 
we are considering a single frequency w. In practice, the frequency spectrum is always 
continuous, and we are going to take this into account. The ratio of the above result and 
the result at resonance is 


p(w; ft) sin*[(w — w)t/2] 

P(@o; t) [(@ — @o)t/2P 
The function f(@— wp; ft) is plotted as a function of w in Fig. 5.14. At w = wo it has a 
sharp peak of width ~277/t. Using the fact that 


© sin? x 
> dx = 7, 
—oo X 


= f(w— 9; t) = 


f(6=w-wy; ft) 
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Fig. 5.14. The function f(@ — wp; ft). 
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the area under the peak is 277/t and f(@— wy; t) is approximately a Dirac delta function: 

sin’[(@—@p)t/2] 2a 
[(o—@)t/2P tt 

These results allow us to calculate the rate of the transition from the state |y,) to the 

state |y_) due to absorption of electromagnetic radiation by the molecule in its ground 


state.” The incident energy flux J of an electromagnetic wave is given by the Poynting 
vector § = €,c’E x B: 


f(w— 3 t) = d(w — Wp). (5.63) 


a ee | 
I=e,c(Ex B= 5 E,cE, (5.64) 


where (e) represents the time average and the electric field is of the form (5.51). Under 
these conditions 


(ast) = ae eee ae I t f(w — @; t) (5.65) 
POE op ae Ame, hc ee 


As we have already noted, the frequency of the electric field is not fixed exactly, but lies 
in a spectrum of frequencies whose typical variation scale is Aw. Let J(w) be the intensity 
per unit frequency and assume that Aw > 77/t (Fig. 5.14). The transition probability 
integrated over w is then 


p(t) =20( J [d0I(w) fl oy: 
0 


Ate hc 


~ An? oe I (@o) t, 
Ame h?c 


where we have used the approximation (5.63) for f(@— ,; t). The remarkable fact is 
that p(t) is proportional to t (and not to 77!), and that p(t)/t can be interpreted as a 
transition probability per unit time T: 


2 


1 
r= -p(t) =42* | ——— 
pew sa (oe 


) I (a9). (5.66) 
The fact that the transition probability is proportional to d” and J is characteristic of most 
processes of absorption of electromagnetic radiation by an atomic or molecular system. 
The conditions for this approximation to be valid are (i) t > 7, ~ 1/Awm and (ii) p(t) « 1, 
that is, t << T, (see (5.60)). The time ¢ must therefore lie in the range 


1 1 
i ae a ae 
1 


Of course this implies that w, < Aw. 


20 More precisely, these results apply to an ensemble of transitions from energy (Ep — A) to energy (Ey + A) (Fig. 5.11), where 
it is assumed that molecules in the state (Ey — A) are selected by the method described in Section 5.3.2. 
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5.4 The two-level atom 


The calculation which we have just presented lays the foundations of a general theory 
of the absorption and emission of electromagnetic radiation by an atomic or molecular 
system, up to the following restrictions. 


e The approximation by a two-level system must be valid. This will be the case if we are 
exclusively interested in transitions between two levels separated by an energy hw, induced 
by an electromagnetic field of frequency w ~ wo, that is, if we are near resonance. We shall 
conventionally denote the state with the lowest energy as |g) (this will often be the ground state), 
and the second as |e) (the excited state; Fig. 5.15). In the case of an atom, this approximation is 
called the two-level atom approximation, and it provides a basic model for atomic physics and 
lasers. 


The transition must be an electric dipole transition, that is, controlled by the matrix element of 
the electric dipole moment operator D acting between the two levels, and the condition w, < wy 
must be satisfied. 


The electromagnetic field is treated as a classical field. The treatment which we have just 
presented is termed “semiclassical”: the atom is treated as a quantum system, but the field 
remains classical. The “photon” behavior of the electromagnetic field is therefore ignored, and 
it is not possible in principle to take into account the spontaneous emission of radiation by an 
atom in an excited state (or at best it is possible to treat it heuristically). 

The results of Section 5.3.3 should be modified to take into account the finite lifetime of the 
excited state (Section 14.4). 


When a two-level atom interacts with an electromagnetic field, in practice these days 
the field of a laser, the absorption probability is calculated following the scheme of 
Section 5.3.3, but the orders of magnitude are of course different from those in the case 
of the ammonia molecule. To take the example already mentioned in Section 1.5.3, the 
energy difference hw, between the ground state and the first excited state of rubidium 
is about 1.6 eV, corresponding to a wavelength of 0.78 jm, at the limit of the infrared 
region. This order of magnitude is typical of atomic physics; the transitions generally 
used are in the visible region or in the near ultraviolet or near infrared. 

We have already emphasized the fact that spontaneous emission cannot in principle 
be described by a semiclassical treatment, because it involves a transition from an initial 
state with zero photons to a final state with one photon — a photon is created at the 
instant the atom de-excites. Only a quantum theory of the electromagnetic field permits 


e—@- —— e—@- —— e —@-— 
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Fig. 5.15. (a) Spontaneous emission. (b) Stimulated emission. (c) Absorption. 


150 Systems with a finite number of levels 


the rigorous description of spontaneous emission. Although our classical treatment of 
the electromagnetic field does not admit an interpretation in terms of photons, we can 
nevertheless try to describe heuristically the process of Section 5.3.3 using this concept. 
For example, we can interpret the energy gain of the field as an increase of the number 
of photons in the cavity. The process 


|v_) +n photons —> |y,) + (n+ 1) photons (5.67) 
then represents stimulated emission. Stimulated absorption is the reverse process: 
IX.) + n photons > |x_)+ (n—1) photons. (5.68) 


Finally, the spontaneous emission of a photon occurs when the excited level |y_) de- 
excites in the absence of an electromagnetic field: 


|v_) +0 photon > |y,) +1 photon. (5.69) 


These processes are shown schematically in Fig. 5.15. It is important to distinguish 
between stimulated emission, which is coherent with the incident wave and proportional 
to the incident intensity, and spontaneous emission, which is random, as it has no phase 
relation to the applied field and is not influenced by external conditions.”! 

The necessity of spontaneous emission was first demonstrated by Einstein. Let us 
study a collection of atoms with two levels E, and E,, E, < E,, located in a cavity at 
temperature T. The cavity contains radiation obeying Planck’s law (1.22). If N is the 
total number of atoms and N,(t) and N,(t) are the numbers of atoms in the states E, and 
E,, then 


N,(t) + N3(t) = N = constant, 


assuming that only the states E, and E, have significant populations.” The numbers 
N,(t) and N,(t) satisfy the kinetic equations 

ae = -% = (—AN, + BN, )e(a), (5.70) 
where hw = E,— E,, Ae€(w) is the rate per unit time of E, — E, transitions due to 
stimulated absorption in the state E,, and Be(w) is the rate per unit time of E, > E, 
transitions due to stimulated emission. These rates are proportional to the energy density 
€(w). At equilibrium 


dN, dN, _ 
de> ai? 
and the population ratio is given by the Boltzmann law (1.12): 
A Ni? By h 
== = = exp| -_1—* } = exp a : G73 
BN, kyT kyT 


°1 Except in the following exceptional case: if the atom is trapped between highly reflective mirrors and held at a very low 
temperature, it is possible to modify spontaneous emission. This is called cavity electrodynamics; see, for example, Grynberg 
et al. [2005], Complement VI.1. 

2 This will be the case if, for example, the other states E,, are such that E,, — E; >> E, —E, and E, — E, > kgT. 
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This result is not physically acceptable, because A and B can only depend on the char- 
acteristics of the interaction between the electromagnetic field and the atom, and not 
on temperature. Therefore, (5.70) must be corrected to include spontaneous emission 
independent of €(@): 

dN 


ra = (—AN, + BN,)e(w) + BN). (5.72) 


The condition dN, /dt = 0 combined with the Boltzmann equilibrium condition gives the 
following for €(w): 


B’ B’ 
“) = 4N/N,-B ,__(ho\ a 
iN Aexp( — )-B 
kT 
Comparison with (1.22) shows that A = B and that 
Bo hw 
A wc’ 


We note that we could just as well have based our arguments on the photon density 
n(w) = €(w)/hw or any quantity proportional to the energy density €(w), at the price 
of a simple redefinition of A and B. Let us calculate B’ explicitly. According to (1.16), 
€(w) is an energy density per unit frequency, and the intensity J(w) in (5.66) is related 
to E(w) as 


JI(w) =ce(w), 


which by comparison with (5.66) gives the probability of stimulated emission: 


A=4n'c aie 
Ate hc) 


We can then derive the probability of spontaneous emission B’:”* 


a hw? es 4° d’ (5.74) 
me” 2 \ Arreghic ) 


In the case of atomic physics, the order of magnitude of the dipole moment d is d ~ q.a, 
where a is the radius of the electron orbit, and using the substitution @ — w, we obtain 


the estimate 
2 


: aw m,C 
B~a st ~ a ( F i) (5.79) 


where a = q?/47re,hc is the fine-structure constant. This estimate agrees with (1.44), 
which was based on a classical calculation of the radiation. A complete calculation of B’ 
will be given in Section 14.3.4, where we shall re-examine (5.75). 


23 Equation (5.74) is sometimes written with an additional overall factor i This factor comes from an angular average. 


Alternatively one can replace d? by (d”), where ( ) denotes an angular average; see (14.52). 
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Although NMR and two-level atoms display interesting analogies and analogous math- 
ematical treatment, there are important differences of principle. Indeed the NMR mea- 
surement is not a projective measurement as defined in (4.7), but it uses a collective 
signal, built by collecting individual signals from a large number of molecules (~ 107°). 
The photon energy of the transition between the two Zeeman levels of the nuclear spin is 
much too small (~ 1 eV) to be detected on a single molecule, and another consequence 
is that spontaneous emission is essentially negligible. The NMR detector is a coil of wire, 
wrapped around the sample (see Fig. 5.8). As the magnetization cuts across the wire, it 
induces an electromotive force which can be detected, and the detection method is best 
described classically. 


5.5 Exercises 
5.5.1 An orthonormal basis of eigenvectors 


Show by explicit calculation that the vectors |y,) (5.12) form an orthonormal basis: 
(Xv IXs) = bys. 


5.5.2 The electric dipole moment of formaldehyde 


1. We wish to model the behavior of the two zr electrons of the double bond in the formaldehyde 
molecule H,-C=O. Using the fact that oxygen is more electronegative than carbon, show that 
the Hamiltonian of an electron takes the form 


with Ey < Ec, where Ec, (Eo) is the energy of an electron localized at a carbon (oxygen) atom. 
2. We define 


1 
B= 5 (Ec—Eo) > 0 


and the angle 6 by 
B=vVA2+B2 cos#, A=\VA?2+4+B? sind. 


Calculate as a function of 6 the probability of finding a 7 electron localized at a carbon or 
oxygen atom. 

3. We assume that the electric dipole moment d of formaldehyde is exclusively due to the charge 
distribution on the C=O axis. Express this dipole moment as a function of the distance / 
between the carbon and oxygen atoms, the proton charge q,, and 6. The experimental values 
are / = 0.121 nm and d= q, x 0.040 nm. 


5.5.3 Butadiene 


The butadiene molecule C,H, has a linear structure (Fig. 5.16). Its (C,H,)** skeleton 
formed of o electrons involves four carbon atoms numbered n = | to n =4. The state 
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Fig. 5.16. The chemical formula of butadiene. 


H 
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of a 7 electron localized near the nth carbon atom is designated |¢,,). It is convenient 
to generalize to a linear chain of N carbon atoms, numbering them n = 1,..., N. The 
Hamiltonian of a 7 electron acts on the state |g,,) as follows: 


H\¢,) = Eql@n) — AU @n—1) +1Pna1)) if n# l, N, 
H|9,) = Eo|¢1) — Alg2), 
H|Py) = Eo|¢y) — AlPy-1), 


where A is a positive constant. We note that the states |g,) and |~,) play a special role, 
because in contrast to benzene there is no cyclic symmetry in this molecule. 


1. Write down the explicit matrix for H in the |g,,) basis for N = 4. 
2. The most general state for a 7 electron is 


N 
Ix) = Do eal n)- 
n=1 


To adapt the method used in the case of cyclic symmetry to the present case, we introduce two 
fictitious states |@y) and |g,y,,) and two components cy) = Cy,,; = 0, which allows us to rewrite 


Ix) as 


N+1 


Ix) = do cul Pn?- 


n=0 
Show that the action of H on the state |v) is written as 


N 
H\x) = Ey\x) ae eed + €n41)|Gn)- 


n=1 
3. Inspired by the method used in the case of cyclic symmetry, we seek c,, in the form 


Cc 2 5 

c=-— eind —e ind : 
n 21 ( ) 

which ensures that cy = 0. Show that we must choose 


TS 


if we also wish to have cy,,; = 0. 
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4. Show that the eigenvalues of H are labeled by an integer s: 


TS 
E, = E,) —2Acos V1: 


and give the expression for the corresponding eigenvectors |x,). Show that the normalization 


constant c is /2/(N + 1). [Hint: cf. (5.15).] 


5. In the case of butadiene N = 4, find the numerical values of E, and the eigenvector components. 
Show that the ground-state energy of the ensemble of four zr electrons is 


Ey ~ 4(Ey — A) —0.48A. 


Is the gain due to the delocalization of the a electrons belonging to the chain important as 
regards the chemical formula of Fig. 5.16? Qualitatively sketch the probability density for these 
electrons for s=1 and s = 2. 

6. What would the ground-state energy of a hypothetical cyclic (i.e., having the form of a square) 
molecule C,H, be? 

7. We define the order of a bond / between two carbon atoms n and n+ 1 as 


l= 1 + 3 (GnlXs) (Xs1 Ona) 


where the sum runs over the states |y,) occupied by the 7 electrons. The factor 1 corresponds 
to the o electrons. Show that the order of the bond is / = 2 for ethylene. Calculate the order of 
the bonds for benzene and of the various bonds of butadiene and comment on the results. Why 
is the central bond of butadiene shorter than a simple bond (1.46 A instead of 1.54 A)? 


5.5.4 Eigenvectors of the Hamiltonian (5.47) 


Show that in the case where the electric field is independent of time and when d€é/A < 1, 
the normalized eigenvector of H corresponding to the eigenvalue E, — A is given to order 
d€/A by 

v)= 1 (1—d€/(2A) 

Xa = 5 \1 4 d€/(2A)) 


What is the other eigenvector? 


5.5.5 The hydrogen molecular ion H} 


The hydrogen molecular ion Hj is formed of two protons and an electron. The two 
protons are located on an axis which we choose to be the x axis, at points —r/2 and r/2. 
They are assumed to be fixed, in agreement with the Born—Oppenheimer approximation. 


1. Assuming that the electron is located on the x axis, express its potential energy V(x) as a function 
of its position x and e* = q?/47€,, where gq, is the electron charge, and sketch it qualitatively. 
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. If the two protons are very far apart, r >> /, the electron is either localized near the proton on 
the right (the state |y,)), or near the proton on the left (the state |g~,)). We assume that these 
states both correspond to the ground state of the hydrogen atom of energy 


1 me e 


E ie =? =e. 
o 2 2ay 
where m, is the electron mass and dy is the Bohr radius: ay = h?/m,e*. What is the relevant 
length scale / in the relation r >> /? 
. We shall treat the ion H as a two-level system with basis states {|¢,), |g>)} and (g;|¢;) = 6,;. 
Justify the following form of the Hamiltonian with the choice A > 0: 


en oe a 
a 


What are the eigenstates |y,) and |y_) of H and the corresponding energies E, and E_, 
E., < E_? Qualitatively sketch the wave functions x(x) = (x|y) of the electron on the x axis. 
. The parameter A is a function of the distance r between the protons, A(r). Justify the fact that 
A is an increasing function of r and lim,_,,, A(r) = 0. The electron energy is then a function of 
r, Ex(7). 

. Show that the total energy of the ion E’,(r) must contain an additional term +e?/r. What is the 
physical origin of this term? 


. We parametrize A(r) as 
A(r) = ce’ exp (-=) 5 
b 
where b is a length and c an inverse length. Give the expression for the two energy levels E’, 
and E’ of the ion. Let 
AE(r) =E.(7)—E 


be the energy difference between the ground state of the ion and that of the hydrogen atom. 
Show that AE(r) can pass through a minimum at a value r = ry and derive the expression 


7 b 
AEG = — (1 = >) 
Yo Y9 


What condition must hold for b and ry in order for the ion Hj to be a bound state? 
. The experimental values are ry ~ 2a) and AE(ry) ~ E)/5 = —e?/10a). Compute b and c as 
functions of dp. 


5.5.6 The rotating-wave approximation in NMR 

. Instead of the rotating field of (5.22), we shall use a field B, (t) parallel to Ox: 
B,(t) =2B,Xcos(wt — ¢). 

We define the state vector |@(f)) in the rotating frame with angular velocity w as 


iwo,t 
2 


19) =exp| ]ieo 1(t = 0)) = |p(t =0)). 
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Why can one call |@(r)) the state vector in the rotating frame? Show that the time evolution of 
|@(t)) is governed by a Hamiltonian H(t) 

eC) Bea 

ih Tl H(t)|9(t)) 


where 


~ iwo,t iwo.t 
H(t) =exp|— a H(t) exp so 
2 2 
More generally, for any operator A(t), we have in the rotating frame 


A(t) = exp || A(t) exp | < 


2. Show that the preceding definition gives for the operators a. = (0, £ia,)/2 


iwo,t iwo,t ; 
O,(t) = exp |- - O4, exp |- 7 ser... 


Hint: establish the following differential equation from the definition of (1) 


do (1) oe 
———_ = Fiwd,(t). 
a iw es 
Writing a, = 0, +o0_, obtain the Hamiltonian in the rotating frame 


s h h : hota d ee x 
H(t) = 5 ba, — 71 (a, cos $+ 0, sind) + ho, (c,e-7'e* + occ?) 
where 6 is the detuning, 6 = w—,. Use the rotating wave approximation to eliminate the 
terms between square brackets in the preceding equation. The Hamiltonian H(t) is now time- 
independent! 
3. Show that at resonance, the evolution operator U(t) in the rotating frame given by 


U(t) =exp =e | = exp eee 


is a rotation operator of angle —@,t about an axis n of components 
n,=cosd n,=sind n,=0. 


Thus the angle ¢ allows one to choose the rotation axis. One may (rightly) be puzzled by the 
fact that @ could be eliminated by changing the origin of time. However, this angle is important 
in a sequence of pulses: then the relative phase between the pulses is physically relevant. 

4. Let us now take for simplicity @ = 0. In order to compute the matrix form of the evolution 
operator in the rotating frame, we write 


(afte ne Ot (6 | 
exp(—iHt/h) = exp rr 0” 0% 


with = /5? + wj. The vector fi 


x x WM, 4 0.; 3) 
n=[{n, =—-—,n, =VU,1n1,= = 
es Q° >? “ QO 
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is a unit vector. Using (3.67), obtain the following expression 


Ot 
2 


! a. O 1. O 
exp(—iHt) = (cos =e sin =) 414i St sin = (I+)(-1+-)H) 


OF 20, ANE 
+(cos 5 tip sin > i] \(-|. 


5.6 Further reading 


Discussions of elementary quantum chemistry can be found in Feynman et al. [1965], 
Vol. If], Chapter 15; F. Goodrich, A Primer of Quantum Chemistry, New York: Wiley 
(1972), Chapter 2; or C. Gatz, Introduction to Quantum Chemistry, Columbia: 
C. E. Merrill (1971), Chapters 10-12. Two-level systems with resonant and quasi-resonant 
interactions are discussed by Feynman ef al. [1965], Vol. III, Chapters 8 and 9 and by 
Cohen-Tannoudji et al. [1977], Chapter IV. An excellent introduction to NMR can be 
found in, for example, J. W. Akitt, NMR Chemistry: An Introduction to Modern NMR 
Spectroscopy, New York: Chapman & Hall (1992) or Levitt [2001]. The interaction of a 
two-level atom with an electromagnetic field is studied at an advanced level by Grynberg 
et al. [2005], Chapter II. The reader will find additional details on the molecular ion Hy 
in Cohen-Tannoudji et al. [1977], Complement Gy,. 


6 
Entangled states 


Up to now we have limited ourselves to states of a single particle. In the present chapter we 
shall introduce the description of two-particle states. Once this case is understood, it will 
be easy to generalize to any number of particles. States of two (or more) particles lead to 
very rich configurations called entangled states. A remarkable feature is that two entangled 
quantum particles, even at arbitrarily large spatial separations, continue to form a single 
entity and no classical probabilistic model is able to reproduce the correlation between 
particles. In the first section we shall present the essential mathematical formalism, that 
of the tensor product. This will permit us in Section 6.2 to describe quantum mixtures 
using the state operator formalism. Section 6.3 is devoted to the study of important 
physical consequences like the Bell inequalities and interference experiments involving 
entangled states, which will lead us to a deeper understanding of quantum physics. 
Finally, in the last section we shall briefly review applications to measurement theory 
and quantum information theory. The latter is undergoing rapid development at present 
and has applications to quantum computing, cryptography, and teleportation. 


6.1 The tensor product of two vector spaces 
6.1.1 Definition and properties of the tensor product 


We wish to construct the space of states of two physical systems which we assume 
initially to be completely independent. Let A(’ and H(" be the spaces of states of the two 
systems, of dimension N and M, respectively. Since the two systems are independent, 
the global state is defined by specifying the state vector |p) € H()’ of the first system and 
the state vector |v) € H; of the second. The pair {|¢), |v)} can be viewed as a vector 
belonging to a vector space of dimension NM, called the tensor product of the spaces 
FN and H and denoted 4,‘ ® H+". It will be defined precisely below. 

We choose an orthonormal basis |n) of 4). and an orthonormal basis |m) of AC’ on 
which we decompose the arbitrary vectors |p) € H()' and |v) € A’: 


le) = doe, |n), Ix) = Dod, |m). (6.1) 


n=1 m=1 
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The space H;’ ® H;’ will be defined as a space of NM dimensions where the pairs 
{|n), |m)}, denoted |n ® m) or |n) @|m), form an orthonormal basis 

(n' ® m'|n ® m) = On Onin (6.2) 
and the tensor product of the vectors |g) and |v), denoted |g @ vy) or |g) @|yv), is a 


vector with components c,,d,,, in this basis: 


lp@x) =o ¢,4,,|n@m). (6.3) 


nym 


The linearity of the tensor product can be verified immediately: 


IP @ (NX, +AX2)) = | BX) +AlE@ Xd), 
(QP; FAG) @X) = |G; @X) +AlG, ®@ x). (6.4) 


We must also check that the definition of the tensor product is independent of the choice 
of basis. Let |) and |) be two orthonormal bases of A(’ and H(}’ obtained from the bases 
|n) and |m) by the unitary transformations R (R~' = R") and S(S~! = S$"), respectively: 
lay SOR, ln) |i) = 2 Sim |7). 
According to (6.3), the tensor product |i ® j) is given by 
|i® j) = pWe acy |n@m). 


Moreover, the decomposition of |g) and |v) in the bases |i) and |j), respectively, can be 
written as 


i=1 


N M 
lp) = ee l), Ix= 4; li). 
j=l 
Direct calculation (Exercise 6.4.1) shows that 
> Gd |i®@ i) =|9@x), 
ij 


where |~® y) is defined by (6.3). The result for |g ® x) is then independent of the choice 
of basis. When the two systems are no longer independent, we must state a fifth postulate. 


Postulate V 
The space of states of two interacting quantum systems is H)’ ®@ A". 
It is reasonable to assume that interactions cannot modify the space of states. The most 
general state vector will be of the form 
|®) = dim [2 @ m). (6.5) 


nm 


' Nevertheless, we shall see in Chapter 13 that in the case of two identical particles (where N = M) only a part of HN @HN 
corresponds to physical states. 
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In general, the vector |®) cannot be written as a tensor product |g @ vy). This would 
require that it be possible to factorize b,,,,, in the form c,,d,,, which is impossible except 
for independent systems. The state vectors which can be written as a tensor product form 
a subset (but not a subspace) of H’ @ H;’. A state vector which cannot be written in 
the form of a tensor product is termed entangled state. 

The tensor product C = A @ B of two linear operators A and B acting respectively in 


the spaces 1; and H; is defined by its action on the tensor product vector |g ® x): 
(A®B)|¢@ x) = |Ap® By), (6.6) 
and its matrix elements in the basis |n ® m) of A’ ® A" are then 


(n' @m'|A®@B|n@m) =A,,,,B (6.7) 


n'n*™m'm* 
In general, an operator C acting on H(’ @ Hy’ will not be of the form A @ B. Its matrix 
elements will be 
(n' ® m'|C\|n ® m) = Caos 
and, except in special cases, it will not be possible to write C,),,:.; in the factorized form 


AnnB Two interesting special cases of (6.6) are A= J/, and B=J,, where /, and J, 
are the identity operators of HY and A)": 


m'm* 


(A@1h)|e@yx) =|AG@x), (1 @B)|e@yx) =|~@ By). (6.8) 
In terms of the matrix elements, we have 
(n' @m'|A@I1,|n®@m) = Ayn Omi (n' @m'|I, ® B|n@m) = On Baim: (6.9) 


Finally, if |g) is an eigenvector of A with eigenvalue a (A|¢~) = al¢)), then |g @ x) will 
be an eigenvector of A@® J, with eigenvalue a: 


(A@1,)|e@ x) =ale@x). (6.10) 


The identity operators 7, and J, are often not written out explicitly, and one finds (6.10) 
written as 


Alp®x)=ale@yx) orsimply Alex) =algy), (6.11) 


with the symbol for the tensor product omitted. Since the notation @ is rather cumbersome, 
it will often be omitted when there is no possibility of confusion. 


6.1.2 A system of two spins 1/2 


Let us illustrate the notion of the tensor product by constructing the space of states of a 
system of two spins 1/2. The spaces of states of the two spins are the two-dimensional 
spaces A(, and A,. The space of states of the system of two spins A = H, ® Hj is 
four-dimensional (4 = 2 x 2). We choose the orthonormal bases of H(, and H, to be the 
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eigenstates |e,) and |e), €; = +1, of the operators S,. and S,. projecting the spin on the 
Z axis, where 


1 1 
S,.|€)) = he lé,), S>.|E2) = afer |e). 


According to (6.5), the states of the two-spin system are decomposed on the orthonormal 
basis |e, ® €,); furthermore, we have, for example, 


1 1 
(S,, @1,) |e, @é) = ei |E; @ >), (S,, @ S,,)|e @é) = ri E\€y|E, @ Ep). 


Following (6.11), we shall often use the abbreviated notation |¢,é,) instead of |&, ® €,) 
and $,.S,, instead of S,,®S,,. In this notation the preceding equations become 


S,-|€,€) = she, lee), S,,S),|€,&)) = if © 8,|€)&5)- (6.12) 
Let |v,) and |y,) be two arbitrary (normalized) vectors of AH, and H,: 
IX) = Arlt) teal)» iP + lel? = 1, 
[X2) = Aglto)+Mal—2)> |Adl? + |m2l? = 1. 
According to (6.3), the tensor product |v, ® x) is given by (| +, ®+,) =|+@-+4) etc.) 
IX: @X2) =AAq] + @+) +ApMo|+@—-) +A Mi |-@+) +e iHol|-@—-). (6.13) 
An arbitrary vector |W) € KH is 
|v) =al+@+)+h/+@—-)+y|-—@+)+6|-@-). (6.14) 


This vector is not in general of the form (6.13); comparing (6.13) and (6.14), we see that 
a tensor product vector satisfies 


ad = By, 


and a priori there is no reason for this condition (which is necessary and sufficient) to be 
valid. When |‘) is not of the form (6.13), we are thus dealing with an entangled state of 
two spins. 

An important special case is the entangled state 


Jo) = (|+8-)-|-@+)). 


or in abbreviated notation (6.12) 


|) = — (I+-)-1-+4)) ]. (6.15) 


2 
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This state is manifestly entangled because a = 6 =0 and B = —y = 1/¥V2, and so 
ad # By. A remarkable property of |®) is its invariance under rotations, i.e., it is a 
scalar under rotations.” In fact, as we have seen in Section 3.2.4, the transform |v)» by 
a rotation & of a state |v) is obtained by applying the operator D'/? (3.58), which is an 
SU(2) matrix, that is, a 2 x 2 unitary matrix of unit determinant (Exercise 3.3.6). The 
transforms of |+) and |—) are 


|+)2 =a|+)+b|-), 
I-)zg =c|+)+4|-), (6.16) 
with ad — bc = 1.3 We then obtain 
| je = ee |e |) bbe | =) bd |=), (6.17) 
and, making the exchange + = —, 
|—+)2 =ac|++)+ad|—+)+bc|+—)+bd|——), 
we see that |®) transforms under rotations as 


1 


|®) = V2 


(l+-)2-|-+)2) = (ad —be)|®) = |). (6.18) 


6.2 The state operator (or density operator) 
6.2.1 Definition and properties 


Let us consider a system of two particles described by a state vector |V) € H, ®@ Aj. If 
|‘V) is a tensor product |~, ® ¢,), the state vector of particle | is |g,). But what happens 
if |) is not a tensor product, or, in other words, if |‘) is an entangled state? Can we still 
regard particle 1 as having a state vector? We shall see that the answer to this question 
is no: in general, a state vector cannot be associated with particle 1. This example shows 
that we must generalize our description of quantum systems, and this generalization will 
go well beyond the special case we have just mentioned. When a quantum system can be 
described by a vector in a Hilbert space of states, we say that we are dealing with a pure 
State or a pure case; this will be the situation if complete information about the system 
is available. When the information on the system is incomplete, we are dealing with a 
mixture, and a quantum system is then described mathematically by a state operator.’ 
The introduction of the state operator will allow us to reformulate postulate I of Chapter 4 
so as to describe physical situations more general than those imagined so far, such as 
cases in which only partial information is available on the system under consideration. 


In Section 10.6.1 we shall see that |) is a state of zero angular momentum and therefore a scalar under rotations. 

And also c = —b*, d = a", but we shall not use these relations here. 

This is another instance where the common term “density operator” is inappropriate. This terminology was introduced in the 
case of wave mechanics (Chapter 9), where the diagonal elements of p in position space, (x|p|x), or in momentum space, 
(p|p|p), are indeed densities. However, “density operator” conceals the fact that the operator contains essential information 
on the phases. We prefer to use “state operator” by analogy with “state vector”. “Statistical operator” would also be possible. 
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When we are dealing with a pure state, being given the state vector |g) € H describing 
a quantum system is equivalent to being given the projector P, = |¢~)(¢| onto the state 
|~). In some sense, P, is a better mathematical description because the arbitrary phase 
of |g) disappears: P,, is invariant when |¢) is multiplied by a phase factor 


lp) > e'“|@), 


and then there is a one-to-one correspondence between the physical state and P, rather 
than correspondence up to a phase. The expectation value of a physical property A is 
expressed simply as a function of Js which is, as we shall see, the simplest case of a state 
operator. Let us introduce an orthonormal basis |n) of AC to compute this expectation 
value: 


(A) = (glAle) = > (eln) (nl Alm) (ml) 


nim 


=) (mle) (g|n)(n|A|m) 


n,m 


= )i(m|P, Alm) = Tr(P, A). (6.19) 


Now we can generalize to a mixture. There we know only that the quantum system has 
probability p, (0 <p, < 1,>2,P, = 1) of being in the state |g,). The states |p,) are 
assumed to be normalized ((¢,|@,) = 1) but not necessarily orthogonal. By definition, 
the state operator p describing this quantum system is 


P= >. Prlesy Onl = 57 BP... | (6.20) 


The expectation value of a physical property A is obtained by immediate generalization 
of (6.19). In fact, (A), the expectation value of A in the state |@,), is 


(A) a = (PalAlGa): 


and it is associated with the weight p, when calculating the global expectation value (A). 
The expectation value in the mixture is then 


(A) = > Pa(A)a = > Pa(PalAl@a) = Tr(pA) |. (6.21) 


The weights p, are fixed by the physical problem under consideration. Let us give two 
important examples. 


e The quantum system is a subsystem of a larger system in a pure state. The weights p, are then 
determined by taking a partial trace according to the procedure defined in (6.30) below. 

e The system is described by equilibrium statistical mechanics. The weights p, are then obtained 
by maximizing the von Neumann entropy S,y = —Trplnp, which corresponds physically to 
maximizing the missing information. 
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The fundamental properties of p that follow immediately from the definition (6.20) are 


e p is Hermitian: p = p'; 

e p has unit trace: Trp = 1; 

e p is a positive operator:> (g|p|g~) > 0 for any |¢); 

e anecessary and sufficient condition for p to describe a pure state is p” = p. In fact, since p= p’, 
the condition p* = p implies that p is a projector. Since Tr p = 1, the dimension of the projection 
vector space is unity® and p has the form |g) (g]. 


Inversely, a Hermitian operator which is positive and has unit trace can be interpreted as a 
state operator. In fact, since p is Hermitian, we can write down its spectral decomposition 
(which is not unique if there are degenerate eigenvalues) 


p= >p,ln) (nl, 


and a possible way of preparing the quantum system is to construct a mixture of states 
|n) with probabilities p,,. However, whereas specifying p, and |g,) in (6.20) determines 
p uniquely, the reverse is not true: many different preparations can correspond to a single 
state operator, as we shall see explicitly for the example of spin 1/2. In other words, a 
state operator does not specify a unique microscopic configuration, but it is sufficient for 
calculating the expectation values of physical properties using (6.21). 


6.2.2 The state operator for a two-level system 


As an example, let us find the most general form of the state operator for a two-level 
quantum system, in which case the Hilbert space is two-dimensional. There are many 
applications of this: the description of the polarization of a massive spin-1/2 particle or 
of a photon, the state of a two-level atom, and so on. The standard two-level system 
is that of spin 1/2, and so we shall use this particular case to define the notation and 
terminology. Let us choose two basis vectors of the space of states, |+) and |—). These 
might be, for example, the eigenvectors of the z component of the spin. In this basis the 
state operator is represented by a 2 x 2 matrix, the state matrix (or density matrix) p. This 
matrix is Hermitian and has unit trace. The most general such matrix is 


p=(4 a (6.22) 


where a is a real number and c is a complex number. Equation (6.22) does not yet define 
a state matrix, because in addition p must be positive. The eigenvalues A, and A_ of p 
satisfy 


A, +A_=1, A,A_=detp=a(1—a)—|c|’, 


> A (strictly) positive operator is Hermitian and has (strictly) positive eigenvalues and vice versa; see Exercise 2.4.10. 
© In general, if P is a projector, Tr P is equal to the dimension of the projection vector space. To see this it is sufficient to use 
a basis in which P is diagonal. 
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and we must have A, > 0 and A_ > 0. The condition det p > 0 implies that A, and 
A_ have the same sign, and the condition A, +A_=1 implies that A,A_ reaches its 
maximum for A, A_ = 1/4, so that finally 
1 
0<a(1—a)—|c|’ < 7 (6.23) 
The necessary and sufficient condition for p to describe a pure state is 


det p = a(1 —a) —|c|* =0. 


As an exercise, the reader should calculate a and c for the state matrix describing the 
normalized state vector |) = A|+)+m|—) with |A|?+ |u|? = 1, and show that the 
determinant of this matrix vanishes. 

It is often convenient to decompose the state matrix (6.22) on the basis of Pauli matrices 
o;. In fact, any 2 x 2 matrix can be written as a linear combination of the unit matrix / 
and the o; (Exercise 3.3.5): 


1( 1+b, b,—ib, te. 3 
= * 7 — Boa I+b-o ‘ 6.24 
: oe = gr @) Sa 


The vector b, called the Bloch vector, must satisfy |b|? < < 1 owing to (6.23). The pure 
state, which corrresponds to |b)? = = |, is also termed completely polarized, the case b=0 
unpolarized or of zero polarization, and the case 0 < || < | partially polarized. To obtain 
the physical interpretation of the vector b, we calculate the expectation value of the spin 
S=} 5 ho using Tro,o,; = 26,,. We find 


(S)) = Tr(pS)) = 5 hb, (6.25) 


so that hb/ 2 is the expectation value (S ) of the spin. 

Let us show that several different preparations can lead to the same state matrix when 
|b < 1. We set b = OP, construct a sphere of center O and unit radius, and draw a chord 
of the sphere passing through the tip of b. This chord cuts the sphere at two points P, 
and P,, and we define the two unit vectors 


ny = OP,, fy = OP. 
The Bloch vector can be written as 


The state matrix defined by the Bloch vector b then is 
1 —; 1 ht 1 Se aes 
p=5 (146-5) = 5 (I-A) (I46-)+5(+5-Ay). (6.26) 


We can prepare the corresponding quantum state using a statistical mixture with prob- 
ability p, = (1—A) for the state |+,7,) and probability p, = A for the state |+,7,) 
(cf. (3.56)): 


p=P,|+, 2) (+, 2,| + P2|+, My) (4+, 1]. 
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Since there are an infinite number of chords passing through the tip of b, there are an 
infinite number of ways of preparing the quantum state (6.26). 

It is essential to clearly distinguish between a pure state and a mixture. Let us suppose, 
for example, that a spin 1/2 is in the pure state: 


1 
W= 


Analysis using a Stern—Gerlach device in which the magnetic field B is parallel to Oz 
will give a 50% probability of upward deflection and 50% probability of downward 
deflection. However, the state (6.27) is an eigenstate of S,, |v) =|+,%), and so if B is 
parallel to Ox, 100% of the spins must be deflected toward positive x; the Bloch vector 
is b= (1, 0,0). When p= 0, the unpolarized case with state matrix 


(J+) +|-)). (6.27) 


p= SHH 5h (6.28) 


the probabilities of deflection toward positive and negative z will be of 50% as for (6.27). 
However, for any orientation of the Stern—Gerlach apparatus, there will always be 50% 
of the spins deflected in the B direction and 50% in the —B direction. The difference 
between the two cases is that in the pure state (6.27), where the state is completely 
polarized, there is a well-defined phase relation between the amplitudes for finding |) 
in the states |+) and |—). The pure state |y) is a coherent superposition of the states 
|+) and |—), and the mixture (6.28) is an incoherent superposition of the same states. 
The phase information is lost, at least partially, in a mixture (because partially polarized 
states 0 < \D| < 1 can certainly exist), and it is completely lost in an unpolarized state. 
In a given basis, the phase information is contained in the off-diagonal elements of the 
matrix p. For this reason these elements are called coherences of the state operator. 

The same remarks apply to the polarization of light, or the polarization of a photon. 
Unpolarized light is an incoherent superposition of light linearly polarized 50% in the Ox 
direction and 50% in the Oy direction, with no phase relation between the two. Light with 
right- or left-handed circular polarization, |R) or |L), is described by the vectors (3.24) 

R L 

IR) = i: (Ix) +ily)), |L) = a 
Fifty percent of this light will be stopped by a linear polarizer oriented in the Ox 
direction, or, more generally, in any direction, just as for unpolarized light. However, 
the corresponding photons will be transmitted with either 100% or 0% probability by 
a circular polarizer, while if the photons are not polarized any (A, w) polarizer (see 
Section 3.1.1) will allow photons through with 50% probability. 

In general, a characteristic of a pure state is that there exists a maximal test such that 
one of its outcomes occurs with 100% probability, whereas for a mixture there is no 
maximal test possessing this property (Exercise 6.4.3). In the case of spin 1/2, this means 
that for a mixture there is no orientation of B such that 100% of the spins will be deflected 


(|x) —ily)). 
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in the B direction, and in the case of the photon there is no (A, ) polarizer which allows 
all photons to pass through with unit probability. 


6.2.3 The reduced state operator 


As an application of the state operator formalism, let us consider a system of two particles 
described by a state operator p acting in the space H, ® H,. What then is the state 
operator of particle 1? To answer this question, let us examine a physical property C 
which depends solely on this particle. Then C has the form A@/J,, where A acts in H,. 
We want to find a state operator p“) acting in H, such that 


(A) =Tr (pA). (6.29) 
In the space H, ® H, the expectation value of A @ /, is given by 


(A@1) = Tr([A @ 1 ]p) = a Ai in One Pradiaiend = 25 Pig ae per 


ny My 3NyMz nym, Nn 


= (1), at () 
~~ >» Aisi Din: te = Tr(Ap ). 


nym, 


The state operator of particle 1 is then given in the |n,) basis of H, by the matrix p“! 
with elements 


pes = Dic Dads or p” = Trp : (6.30) 


no 


The second expression is independent of the basis; Tr, represents the trace on the space 
H,, called the partial trace of the global state operator, while p“) is the reduced state 
operator. It can be shown that the reduced state operator gives the unique solution 
of (6.29).’ An important application of (6.29) is to calculate the probability of finding the 
eigenvalue a, of a physical property A, which is given as a function of the projector P,, 
onto the subspace of the eigenvalue a, by an expression which generalizes (4.4): 


p(a,,) a Tr, (P,p'”) st Tr, Tr, [(P, ® 1,)p] (6.31) 


It is important to understand that the prescription of taking the partial trace is a conse- 
quence of postulate II, because the expression giving the expectation values follows from 
this postulate. 

As an example, let us give the reduced state operator starting from the most general 
pure state |W) in the tensor product space H _ ® begs : 


|v) = Yd cylG;® xX;): p= |") YI. 


i=1 j=1 


7 See Nielsen and Chuang [2000], p. 107. 
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The reduced state operator can be calculated immediately if we observe that 
Tr |a)(b| = } (nla) (b|n) = 9 1(b|n) (n|a) = (bla). (6.32) 
Writing out the explicit expression for |W) (|, we find that the reduced state operator 
p in KH is 
p” = Tr,|¥)(¥| = 2 Cj CPi) (PeICXIX))- (6.33) 


ijkl 
A commonly encountered special case is: 
N 
|v) = AC ar 
i=1 
with N = M, but the dimension of a can be larger than N, M > N. Then (6.33) is 


simplified as 


Pp = Yracilei el (xix | (6.34) 


If the |y;) are orthogonal, (y;|v;) = 6;;, the coherences in p“) vanish and we obtain an 


incoherent mixture: 


ij? 


p = » Je)? le <e;| if (xilX;) - bij ? (6.35) 


l 


Equations (6.34) and (6.35) will play an important role in the discussion of measurement 
in Appendix B1. 

If two particles are in the tensor product state |W) = |g @y), then p” = |¢)(o| 
describes a pure state, as expected. However, (6.33) or (6.34) show that this is not the 
case when |) is not a tensor product: then it is not possible to attribute a well-defined 
state to either particle. Let us verify this explicitly in the case of two spin-1/2 particles in 
the state (6.15). The reduced state operator is readily obtained using (6.35) 


a) _ at 1 yj (i 9 
pY =Trp = 5 |+)(+1+5 | M—-|= 0 12) (6.36) 


which is nothing other than the unpolarized state (6.28). Even if the two-spin system is 
in a pure state, the state of an individual spin is in general a mixture. In fact, the state 
matrix (6.36) represents an extreme case of a mixture corresponding to maximal disorder 
and minimal information on the spin. It can be shown that a quantitative measure of the 
information contained in the state operator is given by the von Neumann (or Statistical) 
entropy Sx, = —Trplnp,® which is the larger the less the information. In the case of 
spin 1/2, it lies between O and In2, 0 corresponding to the pure state and In2 to the 


8 It should be noted that TrpInp 4 >, P,lnp, except when the vectors |g,) in (6.20) are orthogonal to each other. 
— eq Pa Inp,y is the Shannon entropy, Ss,, and it can be shown that S\y < Ssp. 
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mixture (6.36), respectively; In2 is the maximum value of the von Neumann entropy 
for a spin 1/2, and the mixture (6.36) is that which contains the minimal information. 
If the Hilbert space of states of a quantum system has dimension N, the state operator 
corresponding to maximal disorder is p = I/N, and so the statistical entropy S,, = InN. 
Further properties of entangled states and state operators will be examined in Chapter 15. 


6.2.4 Time dependence of the state operator 


It is not difficult to find the time dependence of the state operator for a closed quantum 
system.” If we first consider the state operator 


Pot) = le) (EO 
for a pure state, using (4.11) we have 
oe asd 
in Pow) = re (lee) = A(t) Po) — Poy AH) = [ H(t), P|: 


Summing over the probabilities p, as in (6.20), we obtain the evolution equation for p(t): 


., dp(t) 


| arr =[H(t), p(t)] |. (6.37) 


An equivalent law is obtained using the evolution operator U(t, 0) in (4.14): 
p(t) = U(t, 0) p(t = 0) U-1(t, 0). 


This type of time evolution of a state operator is called Hamiltonian, or unitary evolution. 
It is worth observing that a state of maximal disorder is a dynamical invariant because 
[H, p] =0. 

Let us discuss the important example of the evolution law of the state operator of a spin- 
1/2 particle in a constant magnetic field. With B parallel to Oz, the Hamiltonian (3.62) is 
written as 


=> ; yo., 
and the evolution equation (6.37) becomes, using the commutation relations (3.52), 
- = =H, p| = —FyB(b.0, = b,0;); 
which is equivalent to 
db,. b, db. 
Age Ge OCS va 


° See the comments following (4.11). 
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or in vector form 
—=-yBxb. (6.38) 


This is exactly the classical differential equation (3.31) describing Larmor precession. 
The Bloch vector undergoes the same motion as a classical spin. 

In our discussion of NMR in Section 5.2.2 we studied an isolated spin. In fact, the spins 
are located in an environment which fluctuates at temperature 7, and in the absence of 
a radiofrequency field they are described by a state operator p corresponding to thermal 
equilibrium in a constant magnetic field Bo: 


(pe gamer (6.39) 
~~ o.)=- —dpoa.}, ; 
sea, a) 0 ca em a aa 


where 6p is the difference of the populations 6p = p, — p_ (5.42) in the levels |+) and 
|—). The Bloch vector has components b = (0,0, 6p/2). The application of a resonant 
radiofrequency pulse during a time t = 0/@, transforms p into py: 


owing to (5.32). It is easy to calculate the matrix product explicitly, but more elegant to 
use (2.54): 


id 1 (i0\* 
100/216! =a a zl, a. =e a (=) [o,. [o.. a.]] +... 


i ie 
= OT, +5 %y— 5,4 o,+---=cosdoa,+sin6o,, 
which is just the transformation law for the y and z components of a vector rotated by 
an angle —@ about Ox. We then find 
1 


1 
Po=5 a dp(cos 6a, + sin a0) (6.40) 


In the special case of a 7/2 pulse (@ = 77/2) the result is 


1 1 


Since the matrix a, is not diagonal, we have created coherences: the difference between 
the initial populations has been converted into coherences. Note first that a natural basis 
{|+), |—)} is defined by the B, field, and second that the identity operator J is not affected 
by unitary evolution (6.37), and that it is permissible to start from o, in (6.39), although 
o, is not a state matrix! The return to equilibrium is controlled by the relaxation time 7). 
In the case of a 7-pulse we obtain an inversion of the populations of the levels |+) and 
|—), and the return to equilibrium is controlled by the relaxation time 7,. 
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6.2.5 General form of the postulates 


The introduction of the state operator allows us to give a more general formulation of the 
postulates stated in Chapter 4. 


e Postulate Ia. The state of a quantum system is represented mathematically by a state operator 
p acting in a Hilbert space of states H; p is a positive operator with unit trace. 
e Postulate Ia. The probability p, of finding the quantum system in the state |x) is given by 


p, =Tr (plx)(xl) =Tr (p P,). 
e Postulate [Va. The time evolution of the state operator is given by (6.37): 


in 2 —[H9, 0) 


Postulate III is unchanged, and the WFC (wave-function collapse) postulate (4.7) becomes 
PPP 


0 Tr pe, 

when the result of a measurement of a physical property A is the eigenvalue a,. We 
again stress the fact that (6.37) holds only for a closed system. The time evolution of 
the state operator of a system which is part of a larger quantum system is much more 
complicated and will be studied in Chapter 15. In statistical mechanics, the case of a 
system in contact with a heat bath represents a typical example of a system which is not 
closed. The evolution of the ensemble system + heat bath is unitary (if the ensemble 
itself is closed), but that of the system obtained by taking the trace over the variables of 
the heat bath is not.'° 


6.3 Examples 
6.3.1 The EPR argument 


Let us suppose that we are capable of making a state |®) (6.15) of two identical spin-1/2 
particles, with the two particles traveling with equal momenta in opposite directions. For 
example, they could originate in the decay of an unstable particle of zero spin and zero 
momentum, in which case momentum conservation implies that the particles move in 
opposite directions. An example which is simple theoretically (but not experimentally) 
is the decay of a 7° meson into an electron and a positron:'! 7° > et +e-. Two 
experimentalists, conventionally named Alice and Bob, measure the spin component of 
each particle on a certain axis (Fig. 6.1) when the particles are very far apart compared 
with the range of the force and have not interacted with each other for a long time. For 
clarity, in this figure the axes used for spin measurement are taken to be perpendicular to 


'0 Tn Hamiltonian evolution, the von Neumann entropy —Tr pnp is conserved, but this is not the case for non-Hamiltonian 
evolution, where the von Neumann entropy of a system in contact with a heat bath is not constant. 
'l This decay mode is rare, but it is useful for our theoretical discussion. 
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Fig. 6.1. Configuration of an EPR type of experiment. 


the direction of propagation, though this is not essential.'” 


Using a Stern—Gerlach device 
in which the magnetic field points in the direction a, Alice measures the spin component 
on this axis for the particle traveling to the left, particle a, while Bob measures the 
component along the b axis of the particle traveling to the right, particle b. Let us first 
study the case where Alice and Bob both use the Oz axis, d= b= z. We assume that the 
decays are well separated in time, and that each experimentalist can know if he or she 
is measuring the spins of particles emitted in the same decay. In other words, each pair 
(et, e~) is perfectly well identified in the experiment. 

Using her Stern—Gerlach device, Alice measures the z component of the spin of particle 
a, S, with the result +h/2 or —h/2, and Bob measures S.) of particle b. As we have 
seen in (6.36), neither of these particles is polarized; Alice and Bob observe a random 
series of results +h/2 and —h/2. After the series of measurements has been completed, 
Alice and Bob meet and compare their results. They conclude that the results for each 
pair exhibit a perfect (anti-)correlation. When Alice has measured +//2 for particle a, 
Bob has measured —h/2 for particle b and vice versa. To explain this anticorrelation, let 
us calculate the result of a measurement in the state |®) (6.15) of the physical property 
[Ss @ S$], a Hermitian operator acting in the tensor product space of the two spins. 
Taking into account (6.12), we immediately see that |®) is an eigenvector of [S{? @ S] 
with eigenvalue —h?/4: 


(I+-)-1--) =-4 4 (|4+)-1-9) 


1 


S? @S?)}— 
[S27 @ 5" Fi 


'2 See Footnote 15 of Chapter 3. 
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Measurement of [S“ @ S‘] must then give the result —h?/4, which implies that Bob 
must measure the value —h/2 if Alice has measured the value +//2 and vice versa.!* 
Within the limit of accuracy of the experimental apparatus, it is impossible that Alice and 
Bob both measure the value +//2 or —h/2. 

Upon reflection, this result is not very surprising. It is a variation of the game of the two 
customs inspectors.'* Two travelers a and b, each carrying a suitcase, depart in opposite 
directions from the origin and eventually are checked by two customs inspectors Alice and 
Bob. One of the suitcases contains a red ball and the other a green ball, but the travelers 
have picked up their closed suitcases at random and do not know what color the ball inside 
is. If Alice checks the suitcase of traveler a, she has a 50% chance of finding a green ball. 
But if in fact she finds a green ball, clearly Bob will find a red ball with 100% probability. 
Correlations between the two suitcases were introduced at the time of departure, and these 
correlations reappear as a correlation between the results of Alice and Bob. 

However, as first noted by Einstein, Podolsky, and Rosen (EPR) in a celebrated paper!> 
(which used a different example, ours being due to Bohm), the situation becomes much 
less commonplace if Alice and Bob decide to use the Ox axis instead of the Oz axis 
for another series of measurements.!° Since |®) is invariant under rotation, if Alice and 
Bob orient their Stern—Gerlach devices in the Ox direction, they will again find that their 
measurements are perfectly anticorrelated, because 


h2 
[s\? @ 8 II) = —— |). 


The viewpoint underlying the EPR analysis of these results is that of “realism”: EPR 
assume that microscopic systems possess intrinsic properties which must have a counter- 
part in the physical theory. More precisely, according to EPR, if the value of a physical 
property can be predicted with certainty without disturbing the system in any way, there 
is an “element of reality” associated with this property. For a particle of spin 1/2 in the 
state |+), S, is a property of this type because it can be predicted with certainty that 
S. = h/2. However, the value of S, in this same state cannot be predicted with certainty 
(it can be +h/2 or —h/2 with 50% probability of each); S, and S, cannot simultaneously 
have a physical reality. Since the operators S, and S$, do not commute, in quantum physics 
it is impossible to attribute simultaneous values to them. 

In performing their analysis, EPR used a second hypothesis, the locality principle, 
which stipulates that if Alice and Bob make their measurements in local regions of 


w 


The following argument is sometimes encountered: if Alice obtains +f/2 upon making the first measurement of s, the 
state |®) is projected onto |+—) by wave-function collapse (the WFC postulate), and Bob then measures s = —h/2. This 
reasoning is not satisfactory, because the statement “Alice makes the first measurement of the spin” is not Lorentz-invariant 
if Alice and Bob are separated by a distance L and if their measurements are separated by a time interval 7 < L/c. The 
temporal order of the measurements of Alice and Bob is irrelevant. 

Invented just for this occasion! 

A. Einstein, B. Podolsky, and N. Rosen, Can quantum-mechanical description of physical reality be considered complete? 
Phys. Rev. 77, 777-780 (1935). The term “EPR paradox” is sometimes used, but there is nothing paradoxical in the EPR 
analysis. 

However, even in this case the result can be reproduced using a classical model; see Fig. 6.2. 


as 


a 


174 Entangled states 


spacetime which cannot be causally connected,!’ then it is not possible that an exper- 
imental parameter chosen by Alice, for example the orientation of her Stern—Gerlach 
device, can affect the properties of particle b.'* According to the preceding discussion, 
this implies that without disturbing particle b in any way, a measurement of Si) by Alice 
permits knowledge of S‘”) with certainty, and a measurement of S‘ permits knowledge 
of Ss?) with certainty. If the “local realism” of EPR is accepted, the result of Alice’s 
measurement serves only to reveal a piece of information which was already stored in 
the local region of spacetime associated with particle b. A theory that is more complete 
than quantum mechanics should contain simultaneous information on the values of S$”) 
and So, and be capable of predicting with certainty all the results of measurements of 
these two physical properties in the local region of spacetime attached to particle b. The 
physical properties S$‘ and S) then simultaneously have a physical reality, in contrast to 
the quantum description of the spin of a particle by a state vector. EPR do not dispute the 
fact that quantum mechanics gives predictions that are statistically correct, but quantum 
mechanics is not sufficient for describing the physical reality of an individual pair. Within 
the framework of local realism such as that defined above, the EPR argument is unassail- 
able and the verdict incontestable: quantum mechanics is incomplete! Nevertheless, EPR 
do not suggest any way of “completing” it, and we shall see in what follows that local 
realism is in conflict with experiment. 


6.3.2 Bell inequalities 


According to local realism, even if an experiment does not permit the simultaneous 
measurement of S$‘) and Se, these two quantities still have a simultaneous physical 
reality in the local region of spacetime attached to particle b, and owing to symmetry 
the same is true for S“ and S$ of particle a. This ineluctable consequence of local 
realism makes it possible to prove the Bell inequalities, which fix the maximum possible 
correlations given this hypothesis. Let us return to the case of some given measurement 
axes @ and b, which as above we take to lie in the xOz plane perpendicular to the 
propagation direction Oy, in order to make the figures clear. We shall use A(a@) and B(b) 
to denote the results of measuring @-a and a - b: in order to eliminate the factor h/2, 
it is convenient to use the Pauli matrices rather than the spin operators. In addition, we 
shall simplify the notation by omitting the indices (a) and (b) when the vectors a or b 
remove any ambiguity: 


a” =6% 436-4 ce =6%. 636-5. 


'7 For example, if Alice and Bob are separated by a distance L in a reference frame in which they are both at rest, and if the 
measurements take a time 7 with T < L/c. 

'8 This is not the same as saying that the results of Alice and Bob are not correlated. In the simple example of the two travelers, 
the opening of the suitcase of traveler a by Alice reveals the color of the ball in the suitcase of b. This opening does not 
disturb anything in the suitcase of b, but it determines the result of Bob, which means the results are correlated. The color 
of the ball in the suitcase of b existed before the suitcase of a was opened. 
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The possible results of the measurements are +1: 
A(a)=6e,=+1, B(b)=e,=H1. 


Let p,,., be the joint probability for Alice to find the result ¢, and Bob to find the result 
€,, and let E(a, b) be the expectation value (¢,€,): 


E(4, b) = >> &,£,Pe,c, = [P14 +P__]—[P,_ +P_4]. (6.42) 


This quantity measures the correlation between the measurements of Alice and Bob when 
they use the axes a and b. It is obtained experimentally by making a series of N > 1 
measurements on N pairs. If A,(a@) and B, (b) are the results of a measurement on the 
pair n for the orientations (4, b), then 


N 
E(a, b) = lim z >- A, (@)B,,(b). 
cee, 
This is an experimental result, independent of any a priori theoretical considerations. Let 
us now consider two possible orientations a and a’ for the measurements of Alice, two 
possible ones b and b’ for those of Bob, and use the abbreviated notation A’ =A,(@’), 
s= B, (0) for the pair n. Let X,, be the combination 


X, =A,B,+A,B, +A) Bi — A,B, =A,(B, +B) +A/ (Bi —B,). (6.43) 


nn nn nn nn 


In contrast to E(a, b), writing down X,, rests on an a priori theoretical idea, that of the 
EPR picture in which particles a and b “possess” the properties A,,,..., BY. Only one 
of the four possible combinations (A,,, B,) ...(A’,, B’,) can be effectively measured in an 
experiment on the pair n, but the potential result for the three other experiments, although 
unknown, is well defined. This can be illustrated using the suitcase model, where each 
suitcase is composed of small angular sectors labeled + or —, with opposite labels for 
Alice and Bob (Fig. 6.2). To measure A, (@) [B,,(b)], Alice [Bob] opens the angular sector 
marked by the direction a [d], and if @ = b, Alice and Bob find two opposite results, 
reproducing all the results of Section 6.3.1. If Alice opens the sector a and observes the 
result (+) as in Fig. 6.2, the sector a’ must contain the well-defined result (—), which 
Alice would have observed had she opened that sector. 

For each pair the combination X,, is +2. In fact, we have either B, = Bi, in which 
case B) —B, =0 and B,+B, = +2, or B, = —B,, in which case B, + Bi = 0 and 
B' — B, = £2. Since the possible values of A, and Aj, are +1, we necessarily have 
X,, = +2. The average over a large number of experiments can only give an expectation 
value (X) whose absolute value is less than two: 


n? 


1 N 
[(X)|=| lim — °X,| <2 |. (6.44) 
n=1 


The result |(X)| <2 is an example of a Bell inequality. We again stress the fact that this 
inequality depends crucially on local realism: particle a possesses the properties A,, and 
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Pairn —A,(@)B,(b) =-1 


Fig. 6.2. Classical model of EPR correlations. The suitcases of travelers A and B are circles divided 
into small angular sectors labeled by the orientations a, ..., b’ in the xOz plane and containing the 
result (+), meaning spin in this direction, or the result (—) meaning spin in the opposite direction. 
The figure corresponds to A,,(a@) = (+), A,,(a@’) = (—), B,,(b) = (—), and B,,(b’) = (—) for pair n. 
A’, simultaneously, particle b possesses the properties B, and B’, and the value of, for 
example, A,, cannot depend on the orientation b or b’ of Bob’s analyzer. 

What are the predictions of quantum mechanics? To calculate E(a, b) defined in (6.42) 
we use the rotational invariance of |®), which allows us to choose a in the Oz direction. 
The eigenstates of S;, or of G+, are then the eigenstates |+) and |—) of S$. Let 6 be 


a? 


the angle between b and Oz. According to (3.56), in the basis {|+), |—)} we have 
» 0 0 
,b) =cos = in ~|—). 
I+, B) =cos 5 |+) +sin 5 |-) 


The tensor product!® |+ @[+, b]) is then given by 


~ 6 2 
|+ @[+. b]) =cos>|+@+)+sin5|+@-), (6.45) 
and the amplitude a,, inp,, =|a,,|* will be 
» | re 
pS rs Oye eel pep sin (6.46) 


By symmetry, under the exchange + <> — we have 


fh. 258 
P,,=p__ == sin’ = 


2 ys 

and thus 
5 0 
Pi =P-4=5 cos 5° 


'9 For clarity, we temporarily restore the notation for the tensor product. 
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as can be verified by explicit calculation (Exercise 6.4.7). We find that 
ne AS pare?) 0 » 6 a.’ GE 
E(a, b) = sin 5 Or Se —cos 6 =—a-b. (6.47) 


Another way of calculating E(d, b) is to note that A(a@) = €, is the eigenvalue of a - 4, 
B(b) = €, is that of g-b, and measurement of (@ -@) @(@-b) gives the result ¢,€,. Then 
E(a, b) is just the expectation value of (@-@)@(@-b) in the state |®): 


E(a, b) = ((&-@) @(G-b)) 4 = (O|(G-4) @ (G-b)|®). (6.48) 


Exercise 6.5.7 shows that we recover (6.47) starting from (6.48). 

Let us now choose the axes on which the two spins are measured. We take a parallel 
to 2, b pointing along the second bisector of the axes % and 2 (Fig. 6.3), a’ parallel to &, 
and b’ parallel to the first bisector and orthogonal to b. The various expectation values 
are given by 


i n mn 1 ~ 1 
E(a, b) = E(a, b’) = E(@, b’) = “aE E(a’, b) = 2. 


The combination (X) of these expectation values will be —2/2 in quantum mechanics: 


(6.49) 


(X) = E(a, b) + E(a, b’) + E(a’, b') — E(a’, b) = —2V2. (6.50) 


It can be shown that the choice of orientations in Fig. 6.2 gives the maximum value of 
\(X)|, |(X) max = 22. This value violates the limit (6.44) |(X)| <2. Quantum mechanics 
is incompatible with the Bell inequalities, and therefore with the EPR hypothesis of local 
realism — the correlations of quantum mechanics are too strong. Theories with local 
hidden variables represent an example of a realistic local theory, and the predictions 
of quantum mechanics are therefore incompatible with any theory of this type. The 
contradiction between quantum mechanics and the EPR hypotheses arises because in 
quantum mechanics we cannot simultaneously attribute well-defined values to the four 


O x 


Fig. 6.3. Optimal configuration of the angles. 
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quantities A,, B,, A’, and B’ of (6.43) for a single pair of spin-1/2 particles, because 
these quantities correspond to eigenvalues of operators that do not commute with each 
other. We can experimentally measure at most two of these quantities simultaneously, 
one per particle, and we cannot assume in any physical argument that these quantities 
exist although they are unknown. In contrast to the opening of suitcase a, measurement of 
the spin of particle a by Alice does not reveal a pre-existing property of particle b.”° The 
quantity X,, in (6.43) is “counterfactual,” that is, it cannot be measured in any realizable 
experiment.”! 

The first experiments comparing the predictions of local realism with those of quantum 
mechanics were performed using two photons originating in the successive de-excitation 
of two excited states of an atom (an atomic cascade), the polarizations of the two photons 
being entangled in a state” 


n? 


Iv) = a (IRR) + |LL)) = (xx) + [yy)). (6.51) 


/2 V2 


The experiments of Aspect ef al.”* in the early 1980s were the first to demonstrate 


convincingly the conflict with local realism. Nowadays much more precise experiments 
are carried out using parametric photon conversion. In an experiment performed in 
Innsbruck” an ultraviolet photon is converted in a nonlinear crystal into two photons in an 
entangled polarization state (Fig. 6.4). In this experiment the orientation of the analyzers 
can be changed randomly while the photons are traveling between their production point 
and the detectors. The two detectors are 400 m apart, a distance traveled by light in 
1.3 wus, while the total time required to make the individual measurements and rotate the 
polarizers is less than 100 ns. It is impossible that the measurements of Alice and Bob are 
causally related, and any information on the orientation of the analyzers that could have 
been stored in advance is also erased. The only possible objection is that only 5% of the 
photon pairs are detected, and it must be assumed that this 5% constitutes a representative 
sample. A priori, there is no reason to dispute this.7 It can very reasonably be stated 
that experiment has decided in favor of quantum mechanics and has eliminated Einstein’s 
principle of local realism. One might be tempted to conclude that quantum physics is 
nonlocal, but in such a way that the “nonlocality” never contradicts special relativity and 


20 From this point of view, Fig. 2.18 of Lévy-Leblond and Balibar [1990] can be interpreted erroneously. It might be inferred 


that the quanton “possesses” the properties of a wave and of a particle simultaneously, and that observation revealing one 

or the other of these aspects only reveals a pre-existing reality. 

As stated by A. Peres [1993]: “Unperformed experiments have no results.” It should not at all be concluded that it is 

necessarily forbidden to introduce quantities which are not directly observable into the theory. For example, the consequences 

of causality on a time-dependent dielectric constant are expressed most conveniently by taking its Fourier transform and 

showing that this transform is an analytic function of the frequency w in the complex half-plane Im > 0. However, a 

complex frequency is never observed experimentally! As Feynman has written (Feynman et al. [1965], Vol. III, Section 2.6), 

“it is not true that we can pursue science completely by using only those concepts directly subject to experiment.” 

““ Great care must be taken with the orientation conventions; cf. Exercise 6.5.8. 

A. Aspect, P. Grangier, and G. Roger, Experimental realization of Einstein—Podolsky—Rosen gedanken experiment: a new 

violation of Bell’s inequalities, Phys. Rev. Lett. 49, 91-94 (1982); A. Aspect, J. Dalibard, and G. Roger, Experimental test 

of Bell’s inequalities using time-varying analyzers, Phys. Rev. Lett. 49, 1804-1807 (1982). 

4 G. Weihs et al., Violation of Bell’s inequality under strict locality conditions, Phys. Rev. Lett. 81, 5039-5043 (1998). 

° The result of an election for the President of the French Republic can be predicted with some degree of confidence from a 
sample of 1000 out of 30 million voters, that is, 0.003%. 
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Fig. 6.4. Experiment involving entangled photons. A pair of entangled photons is produced in 
a nonlinear BBO crystal, and the two photons travel inside optical fibers which take them to 
polarization analyzers. After A. Zeilinger, Experiment and the foundations of quantum physics, 
Rev. Mod. Phys. 71, S288-S297 (1999). 


does not allow, for example, information transmission at speeds higher than the speed 
of light. Alice and Bob each observe a random sequence of +1 and —1, which does 
not contain any information, and it is only when their results transmitted by a classical 
path, that is, a speed lower than c, are compared that they can see they are correlated. 
Additional remarks on this point will be found in the comments following (6.69). 

Rather than nonlocality, it is preferable to speak of nonseparability of the state vector 
|®) (6.15), which does not contain any reference to spacetime. The experiments described 
above permit an inference of nonlocality only if “realism” is added: it is “local realism” 
which is refuted. 


6.3.3 Interference and entangled states 


In the discussion of interference experiments in Chapter 1, we emphasized the fact that 
interference is destroyed if it is possible, at least in principle, to know the particle 
trajectory and to determine which slit the particle has passed through. The qualification 
“at least in principle” is crucial: it doesn’t matter whether or not the experimentalist 
actually makes the observation, or whether or not the observation can actually be made 
using the available technology. It is sufficient that the observation be possible in principle 
in the framework of the experimental setup. The use of entangled states will considerably 
enrich our possibilities, and allow us to better appreciate the astonishing strangeness of 
quantum mechanics relative to our prejudices gained from classical experience. 

Let us imagine an experiment in which a particle | passes through a Young’s slit 
apparatus, and let |a) (|a’)) be the quantum state of this particle when it passes through 
slit a (a’), that is, the quantum state of the particle when slit a’ (a) is closed. Let us 
suppose that the state of particle | is entangled with that of a particle 2, so that the global 
state |W) is 


1 / / 
Le haa i ca @b’)). (6.52) 
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If, for example, the two particles are emitted in the decay of an unstable particle of zero 
momentum, their momenta will be correlated according to momentum conservation: 


P+ P2 = 9. 


Measurement of p, gives information on p,, and under certain conditions allows the 
trajectory of particle 1 to be reconstructed; for example, the slit through which the 
latter has passed can be determined, and so the interference is destroyed. In the case 
of interference involving only one particle, it is often said that the observation of the 
trajectory “perturbs” it, and that this perturbation is the reason for the destruction of 
the interference. Our example of interference involving entangled particles confirms the 
discussion of Section 1.4.4 and shows that this “explanation” misses the essential point: in 
this new experiment, particle | is never observed, and it is the information on | provided 
by a measurement made (or not made) on 2 that leads to the conclusion that interference is 
destroyed. It is the possibility of labeling the different trajectories and not the perturbation 
due to observing them which is the origin of the destruction of the interference. 

This labeling of trajectories has already been displayed in Exercise 3.3.9 for neutron 
diffraction by spin-1/2 nuclei. In fact, the possibility in theory of labeling the neutron 
trajectory owing to spin flip of a nucleus is sufficient to destroy the interference — instead 
of diffraction peaks, a continuous background is observed, as the spatial variables of the 
neutrons are not affected at all by spin flip. However, the experiment we are going to 
examine below is even more complete, because it provides the option of erasing this 
labeling and recovering the interference. 

Before describing an experiment which has actually been performed, let us discuss its 
principle for a simplified geometry. Two photons 1 and 2 are emitted in the decay of 
an unstable particle assumed to be practically at rest; we shall return to this assumption 
later. The decay occurs in a plate of height d (Fig. 6.5). Photon | travels to the left and 
passes through a Young’s slit device, while photon 2 travels to the right with opposite 
momentum, passes through a convergent lens of focal length f, and then is detected by a 
detector array at screen EF, located a distance 2,f from the lens. The plane F of the Young’s 
slits is also located a distance 2f from the lens. The position at which photon 2 arrives 


Fig. 6.5. The blurring of interference: the detection of photon 2 in the plane located a distance 2f 
from the lens makes it possible to trace back to the position of photon 1 in the plane of the Young’s 
slits. 
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on the screen EF, can be used to trace back to the position of photon | on the plane F, as 
the planes FE, and F are conjugate to each other with respect to the lens. If photon 1 is 
detected on the screen E, after passing through the Young slits, photon 2 will be detected 
in coincidence with it on the screen E,, which will give information on which slit it has 
passed through. Therefore, the photons 1 will not form an interference pattern. Even in the 
absence of the lens and the detector, there will be no interference pattern, because we can 
in principle install the lens and the detector array at EF, and thus recover the information on 
the trajectory of photon 1. It is the existence of the accompanying photon that is crucial. 

However, it is possible to erase this potential information by performing a different 
experiment, where a detector is placed in the focal plane of the lens (Fig. 6.6). The 
detection of photon 2 then determines the direction of the momentum of photon 2 before 
the lens, and as a consequence also that of photon 1. All the information on the position 
of photon | in the passage through the plane F of the slits is now erased — the detector 
functions like a “quantum eraser.” The photons | detected in coincidence with photons 2 
will again form an interference pattern on the screen E,, with the position of the central 
fringe fixed by the position of the detector in the focal plane of the lens. 

The following observation should be added. The characteristic angle in the experimen- 
tal geometry is 6 = a/D, where a is the distance between the slits and D is the distance 
between the slits and the source. The spread Ap, in the vertical component of the momen- 
tum of the photons produced in the plate of height d as a function of wavelength A is 
h Ap. h A 


In the discussion above it is assumed that this spread is negligible compared with 0: 


x 
“<6. 6.53 
7< (6.53) 


On the other hand, for A/d >> 6 we observe two sets of independent fringes if the two 
photons are allowed to pass through Young’s slits (Exercise 6.5.9). 

The experiment is performed in a slightly different geometry. The two photons are 
produced by parametric conversion in a nonlinear crystal from an ultraviolet photon of 
momentum P, and the condition p, + p, = 0 is replaced by p, +p, = P. The two photons 


Fig. 6.6. Interference in coincidence. The detector of photon 2 is now located in a plane a distance f 
from the lens. The potential information on the trajectory of photon | is erased, and an interference 
pattern is observed if photon | is detected in coincidence with photon 2. 
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Fig. 6.7. Experiment of the Innsbruck group. The pair of entangled photons is produced in a 
nonlinear crystal. After A. Zeilinger, Rev. Mod. Phys. 71, S288 (1999). 


both travel to the right with a small variable angle between their trajectories (Fig. 6.7). 
In order to obtain the trajectory of photon 1, it is sufficient to reverse its direction of 
propagation when leaving the plate in Figs. 6.5 and 6.6. The experiment confirms the 
preceding discussion in all respects (Fig. 6.8). 


6.3.4 Three-particle entangled states (GHZ states) 


GHZ (Greenberger-Horne—Zeilinger) states are three-particle entangled states which 
exhibit nonclassical properties in an even more spectacular fashion than two-particle 
states. It is known how to create three-photon entangled states experimentally using para- 
metric conversion. To simplify the discussion, we shall limit ourselves to the theory of 
entangled states of three spin-1/2 particles. We assume that an unstable particle decays 


100 


40 


position of detector D, 


Fig. 6.8. Interference observed by the Innsbruck group. After A. Zeilinger, Rev. Mod. Phys. 71, 
S288 (1999). 
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into three identical particles of spin 1/2 which are emitted in a plane in a configuration 
in which the three momenta lie at angles of 277/3 to each other, and the three particles 
are in the entangled spin state 


1 
J2 
Three experimentalists, Alice (a), Bob (b), and Charlotte (c), can measure the spin 
component in the direction perpendicular to the direction of propagation of each particle 
(Fig. 6.9). The momenta lie in the horizontal plane, and the Oz axis is chosen to lie along 


the propagation direction (so that it depends on the particle), while Oy is vertical and 
x = y x Z. Let us examine the three following operators: 


|v) = — (|+++)-|---)). (6.54) 


> = Dax FpyFey> Xp = DqyFpx 7, 


cy? 


Le = Fay Py cx: (6.55) 


The matrices o; act in the space of spin states of particle i, i= a,b,c. The index i of 
>, specifies the position of the matrix o, in the products (6.55). The three operators 
>; commute with each other. To show this, we use the fact that o matrices acting on 
different spaces commute, for example 


Dax Opy = Opy Dax: 


For matrices acting in the same space we use (3.48): 


as well as 


Alice < Bob 
i b 


Charlotte 


Fig. 6.9. Configuration of a GHZ type of experiment. 
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As an example, let us show that {, and &, commute owing to the fact that the two 
operators >, >, and >,>=,, differ by an even number of anticommutations: 


Lads = 0 DpyF cy Fay Fox 7, = 0 Dpy Fay Fox 


ax cy ax 


ay ax ay ax 
= Day px Oey vy Tax Opy = pda: 


The other commutation relations are demonstrated in a similar fashion. The squares of the 
operators >; are unit operators (>? = /), their eigenvalues are +1, and, as they commute 
with each other, they can be simultaneously diagonalized. There then exists an eigenvector 
|) preserving the symmetry between the three particles constructed explicitly in (6.54) 
such that 


>q|V) = >,|¥) = =1¥) =|¥). (6.56) 


Equation (6.56) can be shown directly by examining the action of ©; on |W) using the 
following properties 


0,|+) =|-), o1-)=|4), 
d,|+) =i|-), o,|-)=—il+). 


The spins are measured in the configurations (x, y, y), (y, x, y), and (y, y, x). For example, 
in the configuration (x, y, y), Alice orients her Stern—Gerlach apparatus in the direction 
Ox, and Bob and Charlotte orient theirs in the direction Oy. Measurements of o;, or of 
gj, always give the result +1, and if the particle triplet is in the state |), the product of 
the results of Alice, Bob, and Charlotte will be +1 for any configuration of measurement 
devices. 

Let us now turn to the configuration (x, x, x) by examining the action of the operator 


> = Fg Ip, S, 


Cx 


on |W). The product of the results of spin measurements in the configuration (x, x, x) 
will always be —1 because 


S|¥) =-|¥), (6.51) 
as is easily checked by allowing @,,,.0;,,0,, to act on |W): 
1 
TaxF Pomn td = Fox Fpx Tex — ( aa ae Aad (cee aicas )) 

Or Fel V) = O,0%, (= ( ype 
1 

= — (|---)-|+++)) =-1%. 

lel) = 12) 


Let us now confront the above results with local realism. Once the three particles are 
sufficiently far apart, each of them possesses its own physical characteristics. We use A,. 
to denote the result of measuring the x component of the spin of particle a by Alice, ..., 
C, the result of measuring the y component of the spin of particle c by Charlotte, and 
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so on, with A,,..., C, = +1. When the x component is measured in conjunction with 
two measurements of the y component, we have seen (see (6.56)) that the product of the 
results is +1: 


A,B,C,=+1, A,B,C,=+1, A,B,C,=+1. (6.58) 


However, when the particles are in flight, two of the three experimentalists can decide to 
modify the direction of their analyzer axes, orienting them in the Ox direction. Then the 
product of the three spin components will be —1: 


A,B,C, =—1. (6.59) 
However, we note that 
A,B,C, = (A,B,C,)(AyB,C,) (A,B, C,) = 1 


because A? = B? = C? = 1. Equations (6.58) and (6.59) are incompatible. We do not have 
an inequality based on statistical correlations as in Section 6.3.2, but instead a perfect 
anticorrelation! Local realism would mean that the property o,,, has a physical reality 
in the EPR sense, since it can be measured without disturbing particle a by measuring 
Opy and o,,: A, = B,C,. However, it is also possible to obtain A, by measuring 9;,, 
and o,,: A, = BC, Local realism implies that it is the same A,, but this is not 
the case in quantum mechanics. The value of A, is contextual; it depends on physical 


x 


properties incompatible with each other which are measured simultaneously with g,,, 
and A, in (6.58) is not the same as A, in (6.59). As in the case of the Bell inequalities, 
the problem arises because it is not possible to simultaneously measure the six quantities 
A,,...,C,, which are the eigenvalues of operators which do not all commute with each 
other, and the simultaneous measurement of these six quantities is counterfactual: at 
most three can be measured in a given experiment. The operators >, %,, >,., and > all 
commute with each other, because > is a function of the commuting operators },, >,, 


> — Dada ins 


It is therefore possible to imagine an experiment where they are all four measured 
simultaneously. Such an experiment could not be performed by measuring the spins 
separately, and as in the case of teleportation (Section 6.4.2), it would be necessary to use 
an interaction between the spins. However, local realism also requires that measurement 
of the product },>, >, gives a result identical to the product of the individual values of 
the spin operators, which is a statement incompatible with quantum physics. 


6.4 Applications 
6.4.1 Measurement and decoherence 


In the Bohr or Copenhagen interpretation — or rather noninterpretation; see A. Leggett 
in Further Reading — of measurement in quantum mechanics, the measuring device 
operates according to macroscopic laws: the result of the measurement is read, for 
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example, from the position of a needle on a meter. Furthermore, it is not meaningful 
to regard a quantum particle as possessing any intrinsic property, independent of the 
(classical) measuring apparatus used to observe it. This interpretation is remarkably useful, 
and is used unthinkingly by thousands of physicists. From the viewpoint of everyday 
practice, there is nothing left to be desired. However, if we think more deeply about this 
interpretation, the situation is not so clear. In fact, if we believe that the universal laws 
of physics are quantum laws, then classical physics is only an approximation,”° under 
conditions which remain largely unknown today, except for models which are too crude 
to be realistic. It can be tentatively stated that macroscopic objects are classical, but this 
would not apply to macroscopic objects such as quantum fluids (for example, the *He 
and *He helium superfluids) or superconductors. The boundary between the quantum and 
classical worlds, which is an essential feature of Bohr’s interpretation, is a fuzzy concept, 
which may even be dependent on the ability of experimentalists to manufacture quantum 
superpositions of “large” objects. 

The measurement process certainly begins with a microscopic interaction which takes 
us into the quantum domain. Then, by some process whose details remain largely unknown 
to this day, the microscopic interaction is amplified and the measurement is translated into 
a classical effect like the position of a needle on a meter. von Neumann did not want to 
draw a boundary between the quantum and classical worlds, and he proposed, as above, 
that a measurement begins with an initial quantum interaction between the object being 
measured and the measurement device, which is also considered to be a quantum object. 
In the von Neumann theory it is easy to follow the first phase of the measurement process, 
that which is governed by the evolution equation (4.11) and which can be referred to as 
the premeasurement phase (Exercise 9.7.14). However, pursuing the process, one arrives 
at the so-called infinite-regress problem, so that the final stage of the measurement can 
be pushed as far as the brain of the experimentalist, a feature of von Neumann’s theory 
which has been the subject of an abundant literature. 

To obtain an actual measurement one must necessarily pass through a stage which is 
governed no longer by (4.11), but rather by an irreversible evolution. The interaction of 
the system being measured S with the measurement apparatus M creates an entangled 
state $+ M. This does not present any problem as long as M remains microscopic, but 
it cannot persist until the end of the measurement process. To give a simple example, 
suppose that the initial state of the system is either |p,) or |p_), assumed to be orthogonal, 
and that of the apparatus is |W). The interaction between the system and the apparatus 
leads to the following evolution 


|p. @V%) > 19, OV.) |p @%) > |e_ OW) (WLIW) =0. 


26 The “classical approximation” of a quantum system is fundamentally different from the classical approximation of relativistic 
mechanics by the Newtonian one. In the latter case, there is no conceptual difference in our description of the world, and it 
is a simple matter, at least in principle, to take the limit v/c — 0. In the former case, we have two different conceptions of 
the world, and going from quantum to classical cannot be as simple as letting a small parameter go to zero. 
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Then observation of the apparatus, either in the state |,) or in the state |W_), informs 
us of the initial state of the system. Now comes the difficulty: nothing prevents us from 
starting from an initial system state that is a linear superposition of |g,) and |g_), 
A\¢,.) +|¢e_); then, from the linearity of quantum mechanics, the evolution leads to a 
final state 


Alp, @¥,) +ule_@¥_) 


that is a linear superposition of macroscopic states if the measuring apparatus is macro- 
scopic. This argument, first put forward by Schrédinger, is known as “the Schrédinger’s 
cat paradox”: in the original argument, the macroscopic states are the states |.) and |‘V_) 
corresponding to a live and dead cat, so that the unfortunate cat is left in a superposition 
of alive and dead states. To take a less extreme example, we could have a measurement 
apparatus in a linear superposition, with, for example, a needle pointing to two posi- 
tions on a meter at the same time. In such a situation which could lead (in principle) 
to interference effects, we could not say that the system was in just one state before it 
was observed. By contrast, in a classical mixture, each individual system is in either one 
state or the other, but we cannot tell which without observing it. Our experience with 
measurement devices (or cats) implies that they are described by a classical statistical 
ensemble and not a state vector, and it is widely believed that irreversible interactions 
of M with its environment, or decoherence, lead to this result. As we shall see in Chap- 
ter 15 on simple examples, decoherence selects a preferred basis which is linked to the 
particular form of interaction of the quantum system with its environment. Then, in this 
basis, the off-diagonal matrix elements of the state operator of the macroscopic quantum 
system which contain the information on the phases decay at a rate much faster than the 
“natural” decay rate, for example the characteristic decay rate of the energy. This process 
is irreversible for all practical purposes, and it leaves the system in a classical mixture, 
although information on the phases is, in principle, available in the system—environment 
quantum correlations. However, it should be emphasized that while decoherence is very 
likely an essential stage of the measurement process, it is not sufficient to account for the 
complete process. It explains how to pass from a quantum superposition to a statistical 
mixture, but has nothing to say about the origin of postulate II or about the fact that a 
particular experiment on a quantum system always gives a unique result (the problem of 
definite outcomes). It also appears that some degrees of freedom remain almost entirely 
decoupled from the environment and are thus not very sensitive to decoherence. This 
may be the case, for example, for the position of the center of mass of a heavy molecule. 
It cannot be excluded that superpositions of macroscopically distinguishable states be 
observed in the future, for example superpositions of macroscopic currents (~ 1 A) 
flowing in opposite directions in superconducting rings with Josephson junctions. 

In order to make these ideas more concrete, let us discuss an experiment performed 
at the Ecole Normale Supérieure in 1996.7’ It is shown schematically in Fig. 6.10. Our 


°7 M. Brune et al., Observing the progressive decoherence of the “meter” in a quantum measurement, Phys. Rev. Lett. 77, 
4887-4890 (1996). 
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Fig. 6.10. An experiment on decoherence. Atoms leave an oven O and cross the first microwave 
cavity R,. They then pass through a superconducting cavity C followed by a second microwave 
cavity R,. The cavities R, and R, are fed by the same source S. Finally, the atoms are detected by 
two ionization detectors D, and D,, which are triggered by atoms in the states e and g, respectively. 
After M. Brune et al., Phys. Rev. Lett. 77, 4887 (1996). 


discussion will be brief; details can be found in Appendix B and in the original article. 
In this experiment, the measurement is made by an electromagnetic field enclosed in a 
superconducting cavity C shown in Fig. 6.10. The quality factor of this cavity is very high, 
of order 5 x 10’; the lifetime 7. of a photon in the cavity is several hundred microseconds 
and the resonance frequency ¢ is 3.21 x 10"! rad s~' (ve = 51.1 GHz). After the field is 
established in the cavity, all interaction with the field source S$ is cut off and one works 
with an average number of photons (n) between 3 and 10. The object that is measured 
is an atom which follows a trajectory from O to the detectors D in crossing the cavity. 
This atom can exist in two states, the ground state |g) and an excited state |e).7* The 
passage of the atom through the cavity induces a phase shift +® of the electromagnetic 
field depending on the state of the atom.”? We use |G) with phase shift +® (|E) with 
phase shift —®) to denote the (quantum) state of the field after an atom in the state |g) 
(\e)) has crossed the cavity. Depending on whether the atom is in the state |e) or |g), the 
atom + field state vector is 


leE) or |gG). 


Measurement of the state of the field makes it possible in principle — if not in practice — 
to measure the state of the atom.*” If the field is found in the state |E), this would 
indicate that the atom is in the state |e). The state of the field is the needle which gives 
the measurement result: the needle position is either +® corresponding to |g), or —® 
corresponding to |e). However, we are still in the premeasurement stage: up to now 
the entire evolution has been governed by an equation of the type (4.11) for a closed 


28 These two states are the Rydberg states of a rubidium atom corresponding to a valence electron in a level n ~ 50; see 
Exercise 14.5.4. 


2° The situation is off-resonance and the cavity photons are not absorbed by the atoms; see Section 5.3.3. 
3° The potential existence of such a measurement is confirmed by the disappearance of interference; see Appendix B. 
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Fig. 6.11. Representation of the modulus and phase of the electric field in the cavity C. The shaded 
circles show the spread at the tip of the field vector. 


atom + field system. The states |G) and |E) are “almost classical”: if the number of 
photons were large, the modulus and phase of the field would be perfectly defined.*! The 
modulus and phase of these states are shown in Fig. 6.11. In the complex plane of the 
electric field the field modulus is proportional to the square root (n)'/* of the average 
number of photons. However, in contrast to the classical case, the tip of the electric field 
vector is not exactly fixed; it is affected by quantum fluctuations satisfying AnA® ~ | 
(cf. Section 11.3.4). 

Now in R, a microwave pulse of suitable duration w,t = 7/2 (a 77/2 pulse; see (5.35)), 
where w, is the Rabi frequency (Section 5.3.2), is applied to the atom before it passes 
through C; see Fig. 6.10. This pulse has the following effect on the state vector of the 
atom:°? 

1 


le) > la) = = (Ie) +a)), 


isis (sain). 
vA ) 


If the atom is initially in the state |e), the microwave pulse sends it into the state |a), and 
the atom + field final state will be the entangled state 
1 

/2 
but the correspondence E — e, G — g always holds. The difficulties will arise from the 
fact that we can perform linear transformations on the state of the atom after its passage 
through C at a time such that an actual measurement has not been completed and the 
atom + field system has remained closed. Nothing is yet final in the measurement when 


(6.60) 


iw) = (Ieé) +1sG)), (6.61) 


3! From a technical point of view these states are “coherent states”; see Section 11.2. 
3? Equations (6.60) are derived from (5.31) with w,t/2 = 7/4. The factors ++i can be absorbed by redefining the basis vectors 
by a phase. 
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the atom exits from C; we are still in a stage of reversible evolution. It is possible to 
perform linear transformations on the state of the atom which have the effect of leaving 
the field in a linear superposition of |E) and |G). To do this, a second microwave pulse 
is applied at R, before the detectors. Then |W) becomes |’): 


Ne) > 1) = 5 [(le) + eI) + (le) + e))1)] 


1 1 1 
= = [lB -16)) +1) 


If we now decide to use the atom as a device for measuring the field, this equation shows 
that depending on whether the atom is found to be in the state |e) by D, or in the state 
|g) by D,, the field is in a linear superposition 
1 

V2 V2 
As in an experiment of the EPR type, the final state of the field is not fixed until after the 
interaction of the atom with the field, because this state is determined by manipulations (in 
the cavity R,) after this interaction. This is an example of a “delayed choice” experiment. 
Equation (6.63) shows that the previous measurement device, the field, is projected in a 
state of linear superposition. In contrast to the states |E) and |G), the states (6.63) are 
not “almost classical” states, and they give an example of a Schrédinger’s cat.*? As we 
shall see in Section 15.4.5, linear superpositions of the kind in (6.63) are destroyed very 
rapidly by interactions with the environment, and this occurs the more quickly the larger 
the object. It is not yet possible to identify |E) and |G) as two positions of a needle, 
and this first measurement stage can in fact only be a premeasurement, because linear 
superpositions are not observed in a measurement which has been completed. 

To learn more about the state of the field, a second atom is sent to probe the field 
inside the cavity (a mouse to test the cat). It is then possible to show experimentally 
that the linear superposition (6.63) is very fragile. The coherence between the states |) 
and |G) vanishes in several tens of microseconds, a time much shorter than the field 
relaxation time, and the field returns to a statistical mixture of the states |E) and |G). 
This is the phenomenon of decoherence due to the dissipative coupling of the field with 
its environment. If we initially have the field in a pure state 


(IE)+IG))]. (6.62) 


(IE) —|G)) or (|E) +|G)). (6.63) 


|b) =AJE)+eI/G), [AP +|wl?=1, (6.64) 
the state operator in the basis {|E), |G)} will be 


JAP Aw* ) 
eA as 6.65 
‘ ( Mw |p|? ee) 


33 Transposing the original discussion of Schrodinger, if the entangled state is (6.61), observation of the atom in the state |e) 
implies the death of the cat (the state |E)), while observation of the atom in the state |g) means the cat is alive (the state 
|G)). After the microwave pulse is applied and the state of the atom is observed, the cat is in a linear superposition alive + 
dead. 


6.4 Applications 191 


Decoherence transforms this state operator into 


~f iAP 0 
Pina = ( 0 [wl : (6.66) 


In the present case, decoherence is principally due to the leakage of photons out of the 
cavity owing to imperfections of the mirrors, and the leakage of a single photon is enough 
to destroy the phase coherence. The off-diagonal elements of p in the preferred basis of 
coherent states, or coherences, contain information about the phase and tend to zero very 
rapidly. This evolution p,, — Ps, is nonunitary — it is not governed by a Hamiltonian. 
In fact, the interaction of the field with its environment leads to a field + environment 
entangled state, and the state operator of the field is obtained by taking a partial trace: 


Prield = Tras [Prictarenv] : 


This nonunitary evolution translates into a leakage of information to the environment 
degrees of freedom, corresponding to an increase of the von Neumann entropy of the 
field characteristic of a dissipative phenomenon: 


Sv (Prin) z Sv (Pin): 


In summary, the measurement process begins with an interaction $+ M governed 
by (4.11), but this is not sufficient for performing the complete measurement. It is nec- 
essary to pass through a stage of irreversible evolution, with leakage of information 
to unobservable degrees of freedom. As long as the system $+ M remains closed, the 
measurement cannot be completed and we remain in the premeasurement stage. It is the 
interaction of M with the environment which is responsible for the irreversibility and 
decoherence. The Ecole Normale Supérieure experiment demonstrates this decoherence 
in a well-controlled experimental situation, even though there is still a considerable way 
to go from a cavity containing a few photons to a macroscopic measurement device. 
However, it seems clear that the interaction with the environment lies at the origin of 
the loss of the phase information and the absence of Schrddinger’s cats. As we shall see 
in more detail in Section 15.4.5, most of the Hilbert space of states is extremely fragile 
owing to the environment, and after a very short time only a tiny fraction of this space 
survives, that which is selected by decoherence and defines the statistical mixtures of 
states possessing a classical limit, the states which are robust regarding dissipation in the 
environment. 


6.4.2 Quantum information 


Let us conclude this chapter with an examination of some applications of entangled states 
to the field of guantum information, that is, the theory of the processing and transmission 
of information using the features specific to quantum mechanics. As a preliminary result, 
let us demonstrate the guantum no-cloning theorem. The essential condition for the 
method of quantum encryption described in Section 3.1.3 to be perfectly secure is that 
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the spy Eve should not be able to reproduce (clone) the state of the particle sent by Bob 
to Alice while leaving unchanged the result of Bob’s measurement, so that interception of 
the message is undetectable. The impossibility of Eve reproducing the state is guaranteed 
by the quantum no-cloning theorem. To demonstrate this theorem, let us suppose that we 
wish to duplicate an unknown quantum state |y,). The system on which we wish to print 
the copy is denoted |g); it is the equivalent of a blank page. For example, if we wish to 
clone a spin-1/2 state |y,), |g) is also a spin-1/2 state. The evolution of the state vector 
in the cloning process must have the form 


Ix: 8 ¢) > |x: @x%).- (6.67) 
This evolution is governed by a unitary operator U which we do not need to specify: 
U|x; @¢) = |x: @ mM). (6.68) 


U must be independent of |x,), which is unknown by hypothesis. If we wish to clone a 
second original |,) we must have 


U|X2 ® P) = |X. @ X2)- 
Let us now evaluate the scalar product 
X = (x, @g|U'U|x, ® @) 
in two different ways: 
(1) X= (x1 @¢lX2 @ e) = (ul): 


(2) X=(K@X 12. ®@X) = ((x11X2))°- 


It follows that either |x,) = |x.) or (x;|X.) = 0, which prevents us from cloning any 
a priori given state. This proof of the no-cloning theorem explains why in quantum 
cryptography we cannot restrict ourselves to a basis of orthogonal polarization states 
{|x), |y)} for the photons. It is the use of linear superpositions of polarization states |.) 
and |y) that allows the presence of a spy to be detected. The no-cloning theorem also 


(6.69) 


guarantees that Alice and Bob cannot communicate at speeds greater than the speed of 
light in the experiment of Fig. 6.1. If Bob were capable of cloning his spin 1/2, he would 
be able to measure its polarization and deduce the choice of axes used by Alice to measure 
her spin. 

Let us now turn to the second subject in this subsection, quantum computing. In 
information theory the elementary unit is the bit, which can take two values, by convention 
0 and 1. A bit is stored classically by a two-state system, for example, a capacitor which 
can be either uncharged (bit value 0) or charged (bit value 1). A bit of information 
typically implies 10* to 10° electrons in the RAM of an actual computer. An interesting 
question is then whether or not it is possible to store information using electrons (or 
other particles) which are isolated. As we have already seen, a two-state quantum system 
is capable of storing a bit of information. For example, in Section 3.1.3 we have used 
the two orthogonal polarization states of a photon to store a bit. To be specific, we are 


6.4 Applications 193 


now going to use the two polarization states of a spin-1/2 particle. By convention, the up 
spin state |+-) will correspond to the value 0 of the bit and the down spin state |—) to 
the value 1: |+) = |0), |—) =|1). However, in contrast to a classical system which can 
only exist in the state 0 or 1, the quantum system can exist in states |g) that are linear 
superpositions of |0) and |1): 


le) =Al0) +1), JAP +e? =1. (6.70) 


Instead of an ordinary bit, the quantum system stores a guantum bit or a qubit whose 
value in the state (6.70) remains undetermined until the z component of the spin is 
measured. This measurement will give the result 1 with probability |u|? and the result 0 
with probability |A|?, which itself is not a particularly useful property. The information 
stored by means of qubits is an example of quantum information. The no-cloning theorem 
implies that it is impossible to copy this information. 

Suppose that we would like to store a number between O and 7 in a register. This 
would require three bits, as in a system of base 2 a number between 0 and 7 can be 
represented by a set of three numbers 0 or 1. A classical register would store one of the 
eight following configurations: 


0 = {000} 1={001} 2={010} 3= {011} 
4 = {100} 5={101} 6={110} 7={111}. 


A system of three spins 1/2 could also be used to store a number between 0 and 7, for 
example, by having these numbers correspond to the eight three-spin states 


0:|000) 1:|001) 2:|010) 3:|011) 


(6.71) 
4:|100) 5:|101) 6:|110) 7:|111). 


We shall use |x), x =0,...,7, to denote the eight states in (6.71), for example |5) = 
|101)(=|—+ —)). These vectors form a basis in the Hilbert space of states of the three 
spins, which is called the computational basis. Since we can form a linear superposition 
of the states (6.71), we conclude that the state vector of a system of three spins will allow 
us to store 2* = 8 numbers at a time, while a system of n spins will allow us to store 2” 
numbers. However, a measurement of the components of the three spins on the Oz axis 
will necessarily give one of the eight states in (6.71). We possess some important virtual 
information, but when we seek to access it by making a measurement we do not do any 
better than with the classical system: the measurement gives one of eight numbers, not 
all eight at the same time. 

The operations performed by a quantum computer are unitary transformations (4.14) 
acting in the Hilbert space of states A/®" of the qubits. These operations are performed 
by quantum logic gates. It is possible to show that all unitary operations in AH®” can be 
decomposed into 


e unitary transformations on individual qubits; 
e control-not (CNOT) gates acting on a pair of qubits, to be defined below. 
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control bit 


fs | 
target bit 


(a) (b) 


Fig. 6.12. Graphical representation of quantum logic gates. (a) Hadamard gate; (b) cNOT gate. 


One frequently used unitary transformation on individual qubits is the Hadamard gate H 
(Fig. 6.12(a)) 


so that 
1 1 
WO +10) Bll = 0-1) 


H|0) = 
It is easy to see that by applying a gate H to each of the n qubits in the |0) state, we 
obtain the following linear combination |®) of states in the computational basis 


1 2-1 


|®) = H"|0...0) = H®"]0%) = > |x). (6.72) 
x=0 


The cNOT gate (Fig. 6.12(b)) has the following action on a two qubit state: if the first 
qubit, termed control bit, is in the |0) state, nothing happens to the second qubit, termed 
target bit. If the control qubit is in the |1) state, then the two basis states of the target 
qubit are exchanged: |0) < |1). The matrix representation of the cNOT gate is, in the 


basis {|00), |01), |10), |11)}, 
100 0 
0 10 0 I O 
MOPS | a = ee (6.73) 
00 1 0 


What advantage can we expect from a quantum computer functioning with qubits? A 
quantum computer is capable of performing a large number of operations in parallel. The 
elementary operations on qubits and therefore on states of the type (6.72) are unitary evo- 
lutions governed by the evolution equation (4.11) or its integral version (4.14). In certain 
cases useful information can be extracted by these operations if parallel quantum comput- 
ing can be used. Such computing is based on the following principle. An input register 
of n qubits is stored in a state |®) (6.72). If we start from the state |00...0) = |0®”), 
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only n elementary operations are necessary for arriving at (6.72). Then we construct the 
tensor product |) of |®) with the state |0®”) of an output register of m qubits 


|W) = |®@0®") = "|x @0?"), (6.74) 


x 


Qn/2 


and a unitary operator U; corresponding to a time evolution of the system transforms 
|) into |’): 


he) > IY) =U1Y) = 5 Des). (6.75) 


The ensemble of two registers simultaneously contains the 2”*” values of the pair 
(x, f(x)). Of course, a measurement will give a unique pair, but it is possible to use the 
information stored in the state vector (6.75), for example to perform a Fourier transform 
of this superposition and then sample the power spectrum to find out the period of f(x). 
A toy example of a quantum algorithm is given in Exercise 6.5.11. 

An interesting example is the determination of the period of a function f(x). Let 
us suppose that f(x) is defined on Z,, the additive group of integers modulo N. An 
algorithm executed by a classical computer must perform a number of operations of order 
O(exp[In N]'/3) to find the period, whereas if a quantum computer is used this number 
will be O(In* N). This period determination forms the basis of the Shor algorithm for the 
decomposition of a number into primes, the function f(x) in that case being a* mod N, 
a integer. 

Once the principle of algorithms which can be executed by quantum computers is 
mastered, there remains the question of the actual realization of such a computer. Opinions 
on this vary widely, from complete pessimism to measured optimism. A group at IBM has 
managed to obtain the period of a* mod 15 using a quantum computer based on NMR,** 
but a computer that can give useful results is still far from realization. The main problem 
is decoherence. The calculations described above require that the evolution be unitary, 
which implies the absence of uncontrolled interactions with the environment. Of course, 
total isolation of this type is impossible. At best it is possible to minimize the perturbations 
due to the environment, and to develop algorithms for correcting the inevitable errors 
using redundant information. The field of quantum information is expanding rapidly, and 
the reader is referred to the articles and books cited in the References for further details. 
A promising technique, based on trapped ions, is described in Exercise 11.5.13. 

Teleportation is an amusing application of entangled states which could serve as a 
method of transferring quantum information (Fig. 6.13).*° Let us suppose that Alice 
wishes to transfer to Bob information about the spin state |g,) of particle A of spin 1/2 


lp4) =AlO,) +414), (6.76) 


34 L. Vandersypen et al., Experimental realization of Shor’s quantum factoring algorithm using nuclear magnetic resonance, 
Nature 414, 883-887 (2001). 

35 Two recent experiments are described by M. Riebe et al., Deterministic quantum teleportation with atoms, Nature 429, 
734-737 (2004) and M. Barret et al., Deterministic quantum teleportation of atomic qubits, Nature 429, 737-739 (2004). 
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information 
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to be teleported B 


Source of entangled particles 


Fig. 6.13. Teleportation. Alice performs a Bell measurement on particles A and B and informs Bob 
of the result through a classical channel. 


which is a priori unknown, without sending him this particle directly.*° She cannot 
measure the spin, because she does not know the spin orientation of particle A, and 
any measurement would in general project |g,) onto another state. The principle of 
information transfer amounts to using a pair of entangled particles B and C of spin 1/2. 
Particle B is used by Alice and particle C is sent to Bob. Particles B and C are assumed 
to have been put in an entangled state, for example in the state |V,-) 


V2 


The initial state of the three particles is thus |®,,-.) 


|Vsc) = (|0,0) +|1,1¢)). (6.77) 


ff (|0,0¢) 2 [1g1c)) 


IDagc) = (A|0,) + w1|14)) 


uy bh 
= — |0,)(|0,0-) + |1gl1¢)) +  |14) (1080) + |1g1c¢)). 
od 4) (10g0c) + [1s 1c)) Va! a)(10g0c) + |1s1c)) 
Alice is now going to perform a measurement on the pair AB by applying first a cCNOT 
gate (6.73), with the qubit A (B) as the control (target) qubit, followed by a Hadamard 
gate on qubit A (Fig. 6.14). The cNOT gate transforms the initial state (6.77) of the three 
qubits into |®’,,.) 


(6.78) 


idk 


|®'.5c) = CNOT|®43¢) = — (104) (1030¢) + [1p1c)) tr V2 


x 
Va ( (114)(11,0c) + |Og1c)). 
(6.79) 


36 For clarity, it is better to label the three particles A, B, and C, rather than 1, 2, and 3. 
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Fig. 6.14. Alice applies a cNOT gate on the pair AB, and then a Hadamard gate on qubit A. 


Then the Hadamard gate has the following action 


/ / 1 
|@"i ac) = H| Py gc) = 5[Al0ss0c) + A|04151¢) +A|1,0,0¢) +All 41 gle) 


(6.80) 
+ 1|041,0¢) + H10,0g1¢) — M1 41,0¢) — pI LsOale) |. 
This equation can be cast in the form 
dd 1 
[Dirge = 7 10,05) (A|0¢) + p|1¢)) 
1 
at 5 [0415)(H|0¢) + Al1¢)) 
(6.81) 


+5 l1a0n)(Al0c) ~ p11) 


+5 lala)(—l0c) + Alle). 


The last operation is a measurement by Alice of the two qubits in the {|0), |1)} basis. 
The whole measurement is termed Bell measurement. It projects the AB pair on one of 
the four states |i,j,) i, 7 = 0,1, and the state vector can be read on each of the lines 
of (6.81). 

The simplest case is that where the result is |0,0,). The C qubit then arrives at Bob 
in the state 


A|0c) + p1¢), 


that is, exactly in the initial state of qubit A, with the same coefficients A and jp. Alice 
informs Bob through a classical channel (telephone...) that he is going to receive qubit 
C in the same state as A. If, on the contrary, she measures |0,1,), qubit C is in the state 


1|0c) +All¢), 


she informs Bob that he must rotate qubit C by 7 around Ox, or equivalently, apply the 


o,, matrix 
TO, 
exp ( —i = —id,. 
2 


198 Entangled states 


In the third case (|1,0,)), Bob must rotate by 7 around Oz, and in the last case (|1,1,)) 
he must rotate by a around Oy. In the four cases, Alice never gains knowledge of the 
coefficients A and pw, and the only information she sends Bob is the rotation he must 
perform. 

It is useful to add the following remarks. 


e The coefficients A and mw are never measured, and the state |g,) is destroyed during the 
measurement made by Alice. There is therefore no contradiction with the no-cloning theorem. 
e Bob does not “know” the state of particle C until he has received the result of Alice’s measure- 
ment. This information must be transmitted by a classical channel, at a speed at most equal to 
the speed of light. Therefore, there is no instantaneous transmission of information at a distance. 
e Teleportation never involves the transport of matter. 


6.5 Exercises 
6.5.1 Independence of the tensor product from the choice of basis 


Verify that the definition (6.3) of the tensor product of two vectors is independent of the 
choice of basis in A, and H,. 


6.5.2 The tensor product of two 2 x 2 matrices 


Write down explicitly the 4 x 4 matrix A @ B, the tensor product of the 2 x 2 matrices A 
and B: 
A= Ge , B= si p . 
cd y 6 


6.5.3 Properties of state operators 


1. The matrix elements p;;, p;;, P;;, and p;; of a state operator p can be used to construct the 2 x 2 


rts Pi Pij 
Pi Pij 


Show that p,; > 0, p;; = 0, and det A > 0, from which |p;;|” < p;p;;. Also deduce that if p,; = 0, 
then p;; = pj; = 0. 

2. Show that if there exists a maximal test giving 100% probability for the quantum state described 
by a state operator p, then this state is a pure state. Also show that if p describes a pure state, 


matrix 


and if it can be written as 
p=Ap'+(1—-A)p", O0<AK<1, 


then p = p’ = p”. Hint: first demonstrate that if p’ and p” are generic state operators, then p is 
a state operator. The state operators form a convex subset of Hermitian operators. 
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6.5.4 Fine structure and the Zeeman effect in positronium 


Positronium is an electron—positron bound state very similar to the electron—proton bound 
state of the hydrogen atom. 


1. Calculate the energy of the ground state of positronium as a function of that of the hydrogen 
atom. We recall that the positron mass is equal to the electron mass. 

2. In this exercise we are interested solely in the spin structure of the ground state of positronium. 
The space of states to be taken into account is then a four-dimensional space A, the tensor 
product of the spaces of spin-1/2 states of the electron and the positron. Following the notation 
of Section 6.1.2, we use |€&,€,) to denote a state in which the z component of the electron spin is 
he, /2 and that of the positron spin is he,/2, with e = +1. Determine the action of the operators 
O},~Fx, TyOry, and O;,0>, on the four basis states |+-+), |+—), |—+), and |——) of H. 
Deduce the action of the operator 


O) + Oy = 01,0, + Oy Ory +O), 0, 


on these states. 
3. Show that the four vectors 


I) = 14+) 
1 
I) = (4) +1-4)) 
Wit) = |--) 
1 
WV) = (lt) -I-4) 


form an orthonormal basis of H and that these vectors are eigenvectors of 0, -G with eigenvalues 
1 or —3. 

4. Find the projectors P, and P_, onto the subspaces of the eigenvalues 1 and —3, writing these 
projectors in the form 


AI + MG, + Gp. 
5. Show that the operator P,, 
P= ; (+6, -G) 
exchanges the values of ¢, and ¢;: 
Pip |€1€2) = |€2;). 
6. The Hamiltonian Hp of the spin system in the absence of an external field is given by 
H) =E,)I+AG,-G,, A>O, 


where E, and A are constants. Find the eigenvectors and eigenvalues of Hp. 
7. The positronium atom is placed in a uniform, constant magnetic field B parallel to Oz. Show 
that the Hamiltonian becomes 


q. 


oh 
H = Ay — Im Bo, —Op,)5 
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where m is the electron mass and gq, is its charge. Find the matrix representation of H in the 
basis {|7), |Z7), |I/T), |[V)}. The parameter x is defined by 


h 
Gel B=-—Ax. 
2m 


Find the eigenvalues of H and graph their behavior as a function of x. 


6.5.5 Spin waves and magnons 


NB: This exercise uses the notation and results of questions 2 to 5 in the preceding 
exercise. 

A one-dimensional ferromagnet can be represented as a chain of N spins 1/2 numbered 
n=0,...,N—1, N > 1, fixed along a line with a spacing / between each. It is convenient 
to use periodic boundary conditions, where spin AN is identified with spin 0: N = 0. 
We suppose that each spin can interact only with its two nearest neighbors, and the 
Hamiltonian is written as a function of a constant A as 


1 1 N-1 
H=>NAI—>A) Gy Ons 
n=0 


1. Show that all eigenvalues E of H satisfy E > 0 and that the minimum one E, corresponding 
to the ground state is obtained when all the spins point in the same direction. Throughout this 
exercise this is chosen to be the z direction. A possible choice for the ground state |®,) then 
is?! 

[@o) =| ++). 


2. Show that H can be written as 


N-1 N=-1 
H=WNAI-A >, 1 awe, =A ye haa 
n=0 n=0 


where 
1 ao 8 
Piantl = 2 (+6, ¥ On+1): 


Using the result of question 5 of the preceding exercise, show that the eigenvectors of H are 
linear combinations of vectors in which the number of up spins minus the number of down spins 
is a constant. Let |‘V,,) be the state in which the spin n is down with all the other spins up. What 
is the action of H on |W)? 

3. We seek eigenvectors |k,) of H which are linear combinations of |‘V,,). Taking into account the 
cyclic symmetry, we set 


N-1 
Hane 
n=0 
with 
278 
k,=—, s=0,1,...,N-1 
NI 


37 Any state obtained from |) by rotating the ensemble of spins by the same angle about Oz is also a possible ground state. 
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Show that |k,) is an eigenvector of H and determine the corresponding energy E,. Show that the 
energy is proportional to k? if k, > 0. An elementary excitation called a magnon is associated 
with the state |k,) of (quasi-) wave vector k, and energy E,. 


6.5.6 Spin echo and level splitting in NUR 


. For various purposes, it is important to be able to measure accurately the transverse relaxation 
time T, (Section 5.2.3) in NMR experiments. In the rotating frame of Exercise 5.5.6, the NMR 
signal a(t) takes the form (6 is the detuning) 


a(t) x eidt/2 eT. 


Compute the Fourier transform a(w) of a(t) 


aay [ * ate" a(t). 


One could hope to deduce T, from the width 1/7, of the peak of a(w). However, the different 
molecules have different detunings, for example because the field By may be slightly inhomo- 
geneous, leading to different Larmor frequencies, so that the signals from the different molecules 
interfere destructively and a(t) decays with a characteristic time much smaller than T,. In 
order to overcome this problem, one applies the following sequence of operations on the state 
matrix (6.41): free evolution during ¢/2, rotation by 7 about the y axis and free evolution during 
t/2. Show that in the absence of relaxation, the state matrix would evolve from p(t = 0) (6.41) 


as 
p(t =0) > p(t) = U(t) p(t =0) U"(r) 
—ido,t —ido,t 
UG) = exp ( — ) (—io,) exp ( — ). 
Show that U(t) = —io,, and that, taking relaxation into account, p(t) is 


— 1 1 —t/T2 
p(t) = 5 (1+ 5 dpoa,e ) 


independently of the detuning 5. Show that measuring the time decay of the height of the peak 
in a(w) allows a reliable determination of 7,, and explain why the sequence of operations 
described above is called a “spin echo experiment.” 

. Let us consider two identical spin-1/2 nuclei (for example two protons) belonging to a single 
molecule which is being used in a NMR experiment. The two nuclear spins have an interaction 
Hamiltonian H,,, which, in the simplest case, has the following form 


A, = ho, of) @ a”), 
Show that the corresponding evolution operator is given by 
U,9(t) = exp(—iAyyt/h) = 1), cos ®t — io @ 0 ] sin @,51. 
Prove the following identity 


U[R (ar) ]exp(—i1,2t/h)U [R\” (a7) ] exp(—iH,yt/h) =I 
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where U [Rr (7r)] is a rotation by 7 of spin | around the x axis. From this equation, demonstrate 
that the sequence of operations 


free evolution during t > 7 rotation about Ox — free evolution during t > 7 rotation about Ox 


brings back the spins to their original orientation at time t = 0. The preceding sequence 
of operations is widely used in NMR quantum computing. It relies on the property that 
@;> is of the order of a hundred milliseconds, while a rotation takes only a few tens of 
microseconds. 

3. In the rotating frame, show that the full Hamiltonian for the two spins is 


1 1 1 1 
he = soo” + eee — ee -- 5 oe + hoo!” ® a?) 


where 6“ is the detuning and wo? the Rabi frequency for spin (i). The difference 
1 2 
5) — 8 = (By — By”) 


is the chemical shift (Section 5.2.3). What are the four energy levels in the absence of radio- 


frequency field (w‘' = w\”) = 0)? Let us introduce the operator* 


1 
5, = 2 (6 +0), 
“ 2 (oc; a ) 


One can show that the only allowed transitions correspond to AY. = +1, while AX, = +2 
and A>. = 0 are forbidden. Show that the four frequencies which appear in the NMR 
signal are 


BS 40, 62 -@,. 5% +a, 8% —a@). 


Sketch the NMR spectrum and compare with Figure 5.9. 


6.5.7 Calculation of E(a, b) 


1. Find the amplitudes a,_, a_,, and a__ (cf. (6.46)). 
2. Show that (cf. (6.47)) 


E(a, b) = ((&-@) ® (G-b)) 4 = (®|(F- 4) @ (G-b)|®) = —4-d, 


where |®) is the entangled state (6.15) of two spins 1/2: 


[ey= |—+)). 


I 
les ) 


Hint: using the rotational invariance of |), show that ¢|®) = —a|@) and use (3.50). 


38S. is the z component of the total spin; see Chapter 10. 
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6.5.8 Bell inequalities involving photons 


Let us consider two photons traveling in opposite directions, one (1) along Oz and the 
other (2) along —Oz, in an entangled polarization state: 


— a 
(V2 v2 


The states |x) and |y) are states of linear polarization in the Ox and Oy directions. 


©) = (Ix): @ly)2— Ly): @ laa) = = (lay) — [pa)). 


1. Let 
|0) = cos 6|x) +sin 6|y) 


be the state of linear polarization in the direction i, of the xOy plane (cf. (3.23)) and |6@,) be 
the orthogonal polarization state (3.24). Show that 


1 
/2 
The state |®) is then invariant under rotation about Oz. 
2. Write |®) as a function of the circular polarization states |R) and |L) (3.11) paying attention 


to the orientation of the axes (Fig. 6.15). The sense of rotation depends on the propagation 
direction: 


|b) = —= (184, ) — |, 4)). 


V2 


Use (3.27) to verify that the second form of |®) is invariant under rotations about Oz. 
3. Alice and Bob analyze the photon polarization using linear polarizers oriented in the direction 
i, for photon | and fg for photon 2 in the xOy plane. We define 


|) = —= (IRR) — |LL)). 


e p,,(a, B), the probability for photon | to be polarized in the 7, direction and photon 2 in 
the fig direction; 

e p,_(a, B), the probability for photon | to be polarized in the n, direction and photon 2 in 
the fig, direction. 


The probabilities p_, (a, 8) and p__(a@, B) are defined analogously. As for spin 1/2 (cf. (6.45)), 
we define 


E(a, B) = [P,,(a, B) +p__(a@, B)] —[P,_(@, B) + P_, (a, B)]. 


Show that 


E(a, B) = —cos[2(a— B)]. 


Fig. 6.15. Configuration of polarizations of entangled photons. 
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Use the rotational invariance of |®) to simplify the calculation. What values of a, a’, B, and f’ 
should be used to obtain 


X = E(a, B) + E(a, B’) + E(a’, B’) — E(a’, B) = -2V2 


as in (6.50)? 
4. Show that the state 
1 
J2 
is also invariant under rotations about Oz. Express it as a function of the circular polarization 
states.°? 


|W) = 5 ([xx) + lyy)) 


6.5.9 Two-photon interference 


Let us consider the two-photon Young’s slit interference experiment shown schematically 
in Fig. 6.16. The two photons are emitted in opposite directions with wave vectors of 
about +k by a source whose vertical position is defined with accuracy +d/2; we can 
assume, for example, that the two photons are created in the decay of a particle Q of 
momentum close to 0 located on segment CD of height d. The distance between the slits 
is / and the distance between the slits and the source, as well as between the slits and the 
screens, is D, with 1 < D. 


1. What is the spread Ak, in the x component of the photon wave vector? It is always assumed 
that Ak, <k. 

2. The position of the source is specified by its x coordinate, and the impacts of photons | and 2 
by their y and z coordinates. Show that for photon | the path difference 6(x, y) is 


8(x,)) 60,0) = #55 (x+y) = FO), 


SS 
VA 


XMAS 


1) 


Fig. 6.16. Two-photon interference. 


3° The states |) and |W) both have zero angular momentum. If the two photons originate in the decay of a spin-0 particle, 
the choice between the two states depends on the parity of the parent particle; see Exercise 13.4.4. 
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where the signs + correspond to the passage of photon | through the upper (—) or lower (+) 
slit; 20 = 1/D is the angle subtended by the space between the slits as seen from the source. 

. Show that the probability amplitude for detecting in coincidence photon 1 at y and photon 2 at 
Z is proportional to 


a(x|y, z) = cos[kA(y + x)] cos[kO(x + z)] 


when the source is located at point x. 
. Show that the total amplitude of detection in coincidence is proportional to 


1 4/2 
a(y, z) = 7 [.2e z) dx 
and deduce that 
ag.z)-= = E sin(k@d) cos[kO(y + 2)] + deosfk6(y~2)] : 


Carefully justify the fact that the amplitudes must be added rather than the intensities, as would 
be the case for interference involving a single photon. 
. Show that for d >> 1/(k@) ~ A/@ the probability of detection in coincidence is 


P(y, z) x cos*[kA(y —z)]. 


How is this result interpreted in terms of conditional interference? What happens if only one 
screen is observed? 
. Show that when d « 1/(k@) we have 


D(y, z) = cos*(kOy) cos”(k0z), 


and two sets of independent fringes are obtained. What is the physical reason that the sets of 
individual fringes are restored? 

. What conditions on Ak, do the limits d >> A/@ and d < 4/6 correspond to? How can the results 
of questions 5 and 6 be interpreted? 

. Instead of using Young’s slits, photons can be made to interfere by means of two symmetric 
beam splitters § and S’ (Fig. 6.17). The reflection and transmission probabilities are 50%. The 
phase shift between reflection and transmission by a beam splitter is 7/2 (Exercise 2.4.12). We 
introduce the phase shifts @ and B in the two arms of the interferometer and set ¢ = (a — B). 
Let p(c, c’) be the probability of detection in coincidence by the detectors c and c’. Show that 


! 24 a 2¢ 
Plc, c’) = 5 sin 5 


and that 


E(a, B) =[p(c, c’) + p(d, d’)] —[p(c, d’) + p(c’, d)] = —cos 6. 


Construct a Bell inequality analogous to that obtained using spins 1/2 by allowing a and B 
to vary. 
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Fig. 6.17. Interference using beam splitters. 


6.5.10 Interference of emission times 


0 


In an experiment performed by a Nice—Geneva collaboration,*” a laser beam (from a 
pumped laser) of wavelength A = 655 nm is incident on a nonlinear crystal (Fig. 6.18). 
A fraction of the incident photons is converted into pairs of photons of wavelength 
2A = 1310nm, each photon leaving via one of two optical fibers and then crossing a 
Mach-Zehnder (MZ) interferometer (cf. Exercise 1.6.6). These interferometers are chosen 
to have a short arm and a long arm, and the difference between the two is AJ = 20cm. The 
optical path on the long arm of the right-hand interferometer can be varied by an amount 
6 by means of a plate. The coherence length /.,,, ~ 40m of the converted photons is 


coh — 
very small compared with Al: 1,,,, < Al (whereas the coherence length of the pumped 
laser is around 100m). 


coh 


1. The phase 6 on the long arm of the right-hand interferometer is allowed to vary. Show that the 
number of photons counted by the detector D, is independent of 6. 

2. The two photons are detected in coincidence at D, and D, with a window of coincidence 
of order 0.1 ns. Since the pumped laser operates continuously, no other information about the 
creation time of the photon pair is available. Show that it is not possible to distinguish between 
the two paths, short—-short and long—long, followed by the photons. Demonstrate that by varying 
6 it is possible to obtain a sinusoidal variation in the coincidence count, but that the numbers 
detected individually in D, and D, remain independent of 5. Hint: show that if the two beam 
splitters of the left-hand MZ interferometer are suppressed, it is possible to obtain one piece of 


pump laser 
655 nm 


Fig. 6.18. Interference of emission times. 


40 §. Tanzilli et al., PPLN waveguide for quantum communication, Eur. Phys. J. D18, 155-160 (2002). 
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information about the trajectory followed by the photon on the right. What happens if the entire 
apparatus on the left (MZ interferometer and detectors) is suppressed? 


6.5.11 The Deutsch algorithm 


This exercise gives the simplest example of a parallel quantum algorithm, the Deutsch 
algorithm. We are given a function f(x), x =0 or 1, which also takes two values, 0 or 
1, so that we need one qubit for the input register and one qubit for the output register. 
We want to ask the following question: is f(x) constant (f(0) = f(1)) or “balanced” 
(f(0) 4 f(1))? With a classical computer, we need to compute the two values of f(x) 
and compare. With a quantum computer, we can get the answer in only one operation. 
The quantum circuit is drawn on Fig. 6.19. The register (output) qubit is initially in state 
|0) ({1)). Starting from 


|‘Y) = (H|0)) ® (AI1)) 
show that (see (6.75)) 


1 
UY) =5(-1)™ [x)) 8 (lO) -11)). 
x=0 
What is the state |g) of the input register in Fig. 6.19? Compute H|g) and show that 
measuring the qubit of the input register allows us to decide whether f(x) is constant or 
“balanced.” 


Fig. 6.19. Quantum circuit for implementing the Deutsch algorithm. 


6.6 Further reading 


The tensor product and the state operator are discussed by Messiah [1999], Chapters VII 
and VIII, and by Cohen-Tannoudji et al. [1977], Complements E,, and E,y. Two more 
recent references are Isham [1995], Chapter 6, and Basdevant and Dalibard [2002], 
Appendix D. Applications of the state operator to statistical mechanics and the properties 
of the von Neumann entropy can be found in Balian [1991], Chapters 2 to 5, and Le Bellac 
et al. [2004], Chapter 2. Applications of the state operator to NMR are discussed, for 
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example, by Levitt [2001], Chapter 10. There are many accounts of Bell inequalities, 
and we recommend those of Peres [1993], Chapters 6 and 7; Isham [1995], Chapters 8 
and 9; N. Mermin, Hidden variables and the two theorems of John Bell, Rev. Mod. 
Phys. 65, 803-815 (1993); and Laloé [2001]. These references also discuss the important 
theorems of Gleason and of Kochen-Specker. The original article corresponding to the 
experiment described in Section 6.4.1 is M. Brune ef al., Observing the progressive 
decoherence of the “meter” in a quantum measurement, Phys. Rev. Lett. 77, 4887-4890 
(1976). A popularized account is given by S. Haroche, Entanglement, decoherence and 
the quantum/classical boundary, Phys. Today, 36-42 (July 1998), and a pedagogical 
discussion by Omnés [1999], Chapter 22. Interference involving entangled states is 
described by D. Greenberger, M. Horne, and A. Zeilinger, Multiparticle interferometry 
and the superposition principle, Phys. Today, 22-29 (August 1993), and by A. Zeilinger, 
Experiment and the foundations of quantum physics, Rev. Mod. Phys. 71, S288—S297 
(1999). The 1989-90 Collége de France lecture course by C. Cohen-Tannoudji (in French, 
available on the website www.lkb.ens.fr) contains a very complete discussion of measure- 
ment theory and decoherence; see also W. Zurek, Decoherence and the transition from 
quantum to classical, Phys. Today, 36-44 (October 1991), p. 36 and Zurek [2003]. For a 
critical view of the “decoherence program,” see A. Leggett, Testing the limits of quantum 
mechanics: motivation, state of play, prospects, J. Phys. Cond. Mat. 14, R415—-R451 
(2002); and The quantum measurement problem, Science 307, 871-872 (2005). See also 
M. Schlossauer, Decoherence, the measurement problem and interpretations of quantum 
mechanics, Rev. Mod. Phys. 76, 1267 (2004). An excellent introduction to quantum 
computing can be found in the book of Nielsen and Chuang [2000]; the various aspects 
of quantum information are covered in the book edited by D. Bouwmeester, A. Ekert, and 
A. Zeilinger, The Physics of Quantum Information, Springer (2000). More recent (and 
shorter!) books are: J. Stolze and D. Suter, Quantum Computing, Chichester: J. Wiley 
(2004) and M. Le Bellac, A Short Introduction to Quantum Information and Computation, 
Cambridge University Press (2006). A popularized account of teleportation is given 
by A. Zeilinger, Quantum teleportation, Scientific American, 32 (April 2000). The 
“historical” articles (dating to before 1982, for example EPR etc.) have been collected 
in a book edited by J. A. Wheeler and W. Zurek, Quantum Theory and Measurement, 
Princeton: Princeton University Press (1983). 
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Mathematics of quantum mechanics II: infinite 
dimension 


In Chapter 4 we saw that the canonical commutation relations force us to use a space 
of states of infinite dimension, in which rigor would require the use of advanced math- 
ematical tools. Fortunately, physicists generally need only to carry the results for finite 
dimension over to infinite dimension with some simple modifications which we shall 
indicate here, without embarking on sophisticated mathematics. Nevertheless, it is useful 
to be aware of the lapses in rigor which are customarily made in physics in order to avoid 
possible unpleasant surprises. 

The objective of this chapter is, on the one hand, to present some concrete examples 
illustrating the new features which arise in infinite dimension and, on the other, to give 
the rules for practical calculations, in particular to write down the spectral decomposition 
of Hermitian and unitary operators. The mathematics we use is a bit more detailed than 
commonly found in most quantum mechanics textbooks. The reader interested purely in 
the practical aspects can proceed directly to Section 7.3, where the results essential for 
later on are summarized. 


7.1 Hilbert spaces 
7.1.1 Definitions 


The space of states of quantum mechanics is a Hilbert space H, which in general is of 
infinite dimension. The axiomatic definition of a Hilbert space is the following. 


1. It is a vector space which, for the needs of quantum mechanics, is defined on complex numbers. 
The vectors of this space are denoted |¢). 

2. This space is endowed with a positive-definite scalar product; if |g) and |x) are two vectors, 
the scalar product is denoted (y|¢) and satisfies 


(xle) = (elx))*, (7.1) 
(xle +A) = (xlp) +A), (7.2) 
(ele) = |le|/? =0 <=> |g) =0, (7.3) 


where A is an arbitrary complex number and ||g|| denotes the norm of |¢). 
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3. H is a complete space, that is, a space where every Cauchy series has a limit: if one series of 
vectors |e) of H is such that ||e” — g” || > 0 for 1, m — oo, then there exists a vector |¢) 
of H such that || — o|| > 0 for 1 > oo.! 

4. A Hilbert space is characterized by its dimension; all spaces of the same dimension are isomor- 
phic. The dimension of a Hilbert space can be finite and equal to N, or it can be denumerably 
or nondenumerably infinite. 


In Chapter 2 we studied Hilbert spaces of finite dimension in detail. If the dimension is 
N, it takes N orthogonal unit vectors |n), 2 =1,..., N, to form an orthonormal basis: 
{|1), |2),..., |a),..., |N)}. In the denumerable case there exists a denumerable series 
of orthogonal unit vectors |1), |2),...,|n),... forming a basis of H, and any vector of 
Hl can be written as a linear combination of these basis vectors: 


lp) = oe, |n). (TA) 
n=1 
However, in contrast to the case of finite dimension, an arbitrary combination of the 
form (7.4) is not in general a vector of H. In fact, the squared norm of |g) is given by 


lel? = > lel’, (7.5) 
n=1 


and (7.4) defines a vector if and only if this norm is finite: the series in (7.5) must be 
convergent, 


foe) 


¥ le, =o. 

n=1 
Under these conditions, for any ¢ > 0 there exists an integer N such that the vector |~y) 
defined by the following finite combination of basis vectors 


lev) = Lenin) 


n=1 


satisfies 


foe} 


llg-evllP = D0 lel? se. (7.6) 

n=N+1 
In other words, it is possible to approximate |g) by a vector |g, ) whose norm differs 
by an arbitrarily small amount from that of |g). We can now approximate the c, by 
rational numbers, and we see that it is possible to construct in AC a denumerable series 
of vectors which is dense in H.? This property, which is common to spaces of finite and 
denumerably infinite dimension, is called the separability of the Hilbert space, not to be 


' This axiom is in fact rather superfluous. It is automatically satisfied in the case of finite dimension, and for separable Hilbert 
spaces, we can always add the limit vectors of Cauchy series. 

> A set of vectors {|p} is dense in H if for any e > 0 and for any vector |g) of 1 it is possible to find a |g) such that 
lle-e|| <e. 
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confused with the separability of Section 6.3.2. The Hilbert spaces of quantum mechanics 
are separable. 

The convergence defined by (7.6) is convergence in the norm, also called strong 
convergence. It is said that a series of vectors |p) converges in the norm to |g) for 
1 — oo if for any ¢ > O there exists an integer N such that for / > N 


llp-—eP|l<e VIEN. (7.7) 


There exists another type of convergence, called weak convergence: a series of vectors 
|p converges weakly to |g) if for any vector |v) of H 


lim (@ |x) = (glx). (7.8) 


We shall not have occasion to use weak convergence,’ but the existence of this con- 
vergence illustrates a difference from the case of finite dimension: the two types of 
convergence are identical for a space of finite dimension but not for a space of infi- 
nite dimension. Strong convergence implies weak convergence, but not the reverse 
(Exercise 7.4.1). 


7.1.2 Realizations of separable spaces of infinite dimension 


All separable Hilbert spaces of infinite dimension are isomorphic. However, their concrete 
realizations can a priori appear different and it is interesting to be able to identify 
them. We shall successively define the spaces 2°, L®[a, b], and L°(IR), which are all 
separable and of infinite dimension. 


1. The space €°. A vector |g) is defined by an infinite series of complex numbers c,,..., ¢ 
such that 


neee 


Ile ll* = D2 len? < 0. (7.9) 


n=1 


As in (7.4), the c, are the coordinates of |g). Let us verify that |p+Ay) belongs to H. If |x) 
has components d.,,, as 


Jen + Ad, |? < 2(le,)* + |Al?1d,!*), 


it follows that ||g+A,y|| < co. The scalar product of two vectors 


(xle) = 0 die 
n=1 
is well defined because, according to the Schwartz inequality (2.10), 


Kxle)l=|X aie, 


n=1 


< |IxII Il¢ll- 


> It arises in, for example, certain problems of quantum field theory. 
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Let us now show that €) is complete. Let |g) and |g")) be two vectors with components cl” 


and cl”). If ||p™ — g|| < e for 1, m > N, this means that 


. \ 12 
(= ae a any <€. 


n=1 


The inequality is a fortiori true for each individual value of n and, for n fixed, the numbers co 


form a Cauchy series which converges to c,, for 1] > oo. It is easy to show (Exercise 7.4.1) that 
the vector y) converges to |g) = >, c,,|n) for 1 > ov: 


lim )> 


loo 


2 
I . l 
Cr—C,’| = lim ||lp— || =0. 


Finally, 2 is of denumerable dimension by construction. 


2. The space La, b]. Now we are going to introduce a class of vector spaces which will play a 
fundamental role, functional spaces. The simplest example is the space of functions which are 
square-integrable on the interval [a, b]. Let us consider complex functions g(x) satisfying* 


[ axiecor sae (7.10) 


or functions which are square-integrable on the interval [a, b]. These functions form a vector 
space denoted L[a, b]. In fact, (i) g(x) + Ax(x) is square-integrable if g(x) and x(x) are, and 
(ii) the scalar product (y|¢), 


b 
(vlg) = / dx x*(x) g(x), (7.11) 


is well defined owing to the Schwartz inequality: 


i * ‘. : 3) 5 Di. 2 2 
Lf axxo] sf axix@P f axle@)P =x lel. (7-12) 


The fact that L[a, b] is complete is a result of a theorem due to Riesz and Fischer, and the 
separability results from a standard theorem of Fourier analysis: any square-integrable function 
g(x) can be written, in the sense of convergence in the mean (or in the norm), as the sum of a 
Fourier series: 


e(x)= > WE exp (27), (7.13) 
C= ES [ axetayexp (- am), (7.14) 

The functions 
P(x) = aw (==) (7.15) 


4 Two functions g(x) and G(x) such that 
b 
| ax|o() - BWP =0 


represent the same vector of H: || — @|| = 0. 
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form a denumerable orthonormal basis of L@[a, b], which is then a separable Hilbert space. 


3. The space L®(R). When the interval [a, b] is identified as the real line R, [a, b] > [—o0, +00], 
we obtain the Hilbert space L) (IR) (or L°)(—0o, +00)), the space of functions which are square- 
integrable on [—oo, +00]. Although the proof is more delicate, it can be shown that L°)(R) is 
still a separable space and is thus isomorphic to €°). 


7.2 Linear operators on Ft 
7.2.1 The domain and norm of an operator 


Linear operators on A are defined as in the case of finite dimension. However, there are 
important differences. It can happen, and is very often the case in quantum mechanics, that 
an operator is not defined for any vector of A, but only on a subset of vectors of HA. For 
example, let the operator A act in 2°) such that if |g) has components {c,, ¢),.-.,C,.-+-}5 
then A|g) has components {c,, 2c),..., nc,,...}. In L™[a, b] this operator corresponds 
to differentiation up to a multiplicative factor, as is seen immediately by examining the 
Fourier decomposition (7.13). It is clear that the squared norm of A|¢), given by 
AGI = don'le,l’, 
n 

can diverge, whereas )>, |c, |? converges; it is sufficient, for example, to take c, = 1/n. 
In other words, A|g) is not a vector of H(. The domain of A, denoted D,, is defined as 
the set of vectors |g) such that A|g) is a vector of H. In the example above, the domain 
of A is the set of vectors such that >, n’|c,,|’ < co, and it is easy to convince ourselves 
that this domain is dense in A. In practice, an operator A is of interest only if its domain 
is dense in H. 

If A|g) exists for any |g), it is said that the operator A is bounded. We must then 
have ||Ag|| < co for any |g). The maximum of ||Ag||/||@]|| is called the norm of A and 
denoted || A]|: 


[|All] = oe [|A¢l|. (7.16) 
Qg = 


If the norm of ||A|| does not exist, then A is termed unbounded. Unbounded operators are 
much more delicate to handle than bounded operators. Unfortunately, they are omnipresent 
in quantum mechanics. 

In L{[0, 1] the operator X which takes the function g(x) to x@(x), 


p(x) > (X@)(x) = xox), (7.17) 


is a bounded operator of unit norm. On the other hand, the operator d/dx which takes 

g(x) to its derivative, 

de(x) 
dae < 


p(x) > (7.18) 
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is not a bounded operator, as we have already seen. Another simple argument to show 
that d/dx is unbounded is to find a function such that the norm of g(x) is finite, but that 
of g’(x) is not. For example, we can choose 


d 1 
yaa, $20) Ves 


so that 


1 1 1 
/ dxx7/? =2, / dx 73 x >? diverges at x = 0. 
0 0 


Domain problems can make the definition of the sum and product of two unbounded 
operators rather delicate. For example, it is not possible a priori to define the sum A+B 
of two unbounded operators A and B except on the intersection D,M Dz, of the two 
domains, which can become problematic if this intersection reduces to a null vector. 
When two operators A and B are equal on the same domain D,, but when the domain 
of B contains that of A, D, C Dp, it is said that B is an extension of A, A C B. Let us 
give an example. The canonical commutation relation (4.33) between the position and 
momentum operators X and P written in one-dimensional space (d = 1), 


[X, P] = inl, (7.19) 


implies that at least one of the two operators is unbounded (Exercise 7.4.3). The left-hand 
side [X, P| of (7.19) is a priori defined only on a subset of H, while the right-hand side 
ihl is defined for any vector of AH. The correct way to write the canonical commutation 
relation is then 


[X, P] C inl. 


Let us note another difference from the case of finite dimension. Whereas in a vector 
space of finite dimension the existence of a left inverse implies the existence of a right 
one and vice versa, this property no longer holds in infinite dimension.> For example, let 
the operators A and B be defined by their action on the components c,, of a vector |g): 


ACG 5 Gs stn) = (ap Cer Ges), Bl Cy Cig ce.) = yO ixGoese ae 
Then 


BA(c,, C25 C3 oe sy => Beco; C3, C4. . a) = (0, C25 C35 oe a 
PBC 5: Gos Cy ica) = BOs Cys Gos hs) = (Gis Cas Bens) 


and AB =I but BA ¥ J, although A and B are both bounded. 


> An important example of such an operator in physics is the Moller operator of scattering theory in the presence of bound 
states. 
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7.2.2 Hermitian conjugation 


In the case of a bounded operator there is no difficulty of principle in defining the 
Hermitian conjugate operator A‘ of A by 


(xl|Ag) = (ATyl¢). (7.20) 


As in the case of finite dimension, it is said that A is Hermitian if A = A‘, and then 


(xX|A¢g) = (AxI¢). (7.21) 


The situation becomes more complicated if A is unbounded owing to domain problems. 
First, (7.20) can be used to define A‘ only if D, is dense in H. Next, the domain 
in which A‘ is defined is generally larger than that of A: D, C D,;. In an instant we 
shall give an example of this. In general, for an unbounded operator that satisfies (7.21) 
we will have not A = A‘ but rather A C A‘. Mathematicians reserve the term ‘“Her- 
mitian operators” for operators such that A C A’, and call operators satisfying A = A‘ 
“self-adjoint.” 

Let us illustrate this by an example in L®[0, 1] which will familiarize us with the scalar 
product and Hermitian conjugation in this space. Let Ay be the operator —id/dx defined on 
the domain D,, of functions g(x) of L®[0, 1] which are differentiable and have square- 
integrable derivative and which also satisfy the boundary conditions g(0) = g(1) = 0, 
whence the subscript 0 of Apo. It is intuitively obvious and easily verified that this domain 
is dense in L[0, 1]. Let us first show that A, is Hermitian. Since x(x) is a differentiable 
function of L®[0, 1] with derivative belonging to L®[0, 1], 


(x|Aog) = [ axv@(-it o(x)) = -if axxo, 
(Anxle) = [dr (i x@)) e0) =i fae)" oC) 


Integration by parts shows that 


(xlAoe) — (Axle) = —iLx* (x) G(x) ]p = 0. (7.22) 


We note that Hermiticity requires the presence of the factor 1 and the boundary conditions. 
We can define Aj on a domain larger than D, . In fact, for functions x(x) that are 
not constrained by boundary conditions, that is, functions for which (0) and y(1) are 
arbitrary, 


(Agxle) = if dx(x’@))*e(®) 


= i[x*(x)e(x)]) -if dx x*(x) p(x) = (x|Aog), 
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and consequently Ay C A Finally, we define A; as the operator —id/dx acting in 
the domain D,. of functions g(x) of L®{0, 1] that are differentiable with derivative 
belonging to L®[0, 1] and satisfy the boundary conditions 


gy =Cel0),. \e|—1. 


The operator Ac is self-adjoint. Indeed 


(Acxl¢) — (XlAce) = —i(CX* 1) — x*(0)) (0). 


The necessary and sufficient condition for the right-hand side to vanish® is that y(1) = 
Cx(0), which shows that the domain of the Hermitian conjugate operator is also D,_: 
Ac = Ac. The operators A; represent different extensions of Ay for each value of C. Even 
though the definition is superficially the same (A = —id/dx), owing to the difference of 
the domains A, and A, are different operators for C 4 C’. This can be confirmed by 
showing that the eigenvalues and eigenvectors of Ac and A, are different for C 4 C’ 
(Exercise 7.4.3). 


7.3 Spectral decomposition 
7.3.1 Hermitian operators 


The spectral decomposition theorem which generalizes (2.31) is rigorously valid only 
for self-adjoint operators.’ Following physicists’ practice, we shall no longer distinguish 
between Hermitian and self-adjoint, and speak only of Hermitian operators. If an operator 
A is Hermitian, the eigenvalue equation 


Alg) = alg) (7.23) 


does not always have a solution, even if A is a bounded operator. In L® (IR) the operator 
—id/dx is Hermitian, as seen by immediate generalization of (7.22). The equation 


_d 
“i, Px) = aes) (7.24) 
x 
has plane-wave solutions 
ga)=Ce™ (7.25) 


where C is a constant, but ¢, (x) does not belong to L (IR) because 


[-arlecP =f axicP 


is a divergent integral. The operator —id/dx is unbounded, however, even for a bounded 
operator such as x in L®[0, 1], the equation 


XXq(X) = 4Xq(x) (7.26) 


© Note that C* = 1/C. 
7 More precisely, for operators that are “essentially self-adjoint,” (A‘)* = A’. 
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has no solution in L®[0, 1]. In fact, the generalization of (7.23) to the case of infinite 
dimension is guaranteed only for a very special class of operators, compact operators. 

In finite dimension, when |g) is an eigenvector of A with eigenvalue a as in (7.23), it 
is said that a belongs to the spectrum of A. To generalize this idea to infinite dimension, 
we consider the operator (z/ — A), where z is a complex number and the equation 


(zI — A)|~) = |x). (7.27) 


Let D be the domain of (zJ — A) and A(z) be its image. If A(z) = H, z is a regular value 
of A. The correspondence between |g) and |x) is one-to-one and the resolvent (2.46) 
R(z, A) = (zl — A)! exists. The spectrum of A is by definition the set of singular values 
of z. This definition coincides with that in finite dimension. If |g) satisfies (7.23), 


(ci=A) _,|?) = (al —A)|~) =0, 


and the resolvent is not defined for z= a. If A is Hermitian, it is easy to show 
(Exercise 7.4.2) that z= a+ib is a regular value when b 4 0. The spectrum of A is 
then real, as for finite dimension. The values of a can either be labeled by a discrete 
index, a,,d5,...,d,,..., or they can be continuous, for example all the values in an 
interval on the real line. These correspond to the cases of a discrete spectrum and a 
continuous spectrum. The values of a belonging to a discrete spectrum satisfy an eigen- 
value equation (7.23), but those of a continuous spectrum do not. It may happen that 
the continuous spectrum and the discrete spectrum overlap. For example, if a takes all 
values between 0 and 1, it may happen that the spectrum of A contains some discrete 
eigenvalues 0 < a, < 1, although this case is exceptional in practice. In general, for most 
of the operators used in quantum physics the discrete and continuous spectra do not 
overlap. 

Although the spectrum for infinite dimension presents some new properties compared 
to that for finite dimension, there exists a spectral decomposition theorem which gener- 
alizes (2.31): 


A= > aS: 


The precise mathematical form of this theorem is complicated, and physicists resort to 
using “pseudoeigenvectors,” that is, objects as in (7.25) that formally satisfy the eigenvalue 
equation but are not elements of A. In the case of (7.26), the “solution” will be 


X.(x) = 6(x—a), because x6(x—a) = ad(x—a), (7.28) 


where 6(x) is the Dirac delta function, which is not actually a function and is certainly 
not an element of L[0, 1]. 

The examples we have just given hint at a general result. The “normalization” condition 
of the pseudoeigenvectors (7.25) of —id/dx is, with the choice C = 1//27, 


| 24 
oales) = 5— f dre *e™ = 3(a—b), (7.29) 
277 Jc 
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while for the eigenvalues (7.28) of x 


nals) = [dx 8(x— a)8(x—b) = 5(a-b). (7.30) 


The normalization of the “pseudoeigenvectors” is therefore given not by a Kronecker delta 
symbol, but by a Dirac delta function. The generalization of the spectral decomposition 
theorem is then stated (without proof) as follows. 


e For the values a, of the discrete spectrum labeled by a discrete index n, it is possible to 
write down an eigenvalue equation and normalization conditions analogous to those for finite 
dimension: 


Aln,r) =a,|n,r), (7.31) 
Cn Tl FY = On 5Oar, (7.32) 


where r is a discrete degeneracy index. 
e For the values a(v) of the continuous spectrum labeled by continuous index v we have 


Alv,s) = a(v)|v, s), (7.33) 
(v, s|v', 5’) = dv-v') by, (7.34) 


where |v,s) is not a vector of A(; s is a degeneracy index which can be either discrete or 
continuous, and here we have taken it to be discrete for the sake of clarity in the notation. 

e Moreover, the eigenvectors of the discrete spectrum and of the continuous spectrum are 
orthogonal: 


(n,r|v, 5s) =0. (7.35) 


The generalization of the decomposition of the identity, or the completeness rela- 
tion (2.30), is written as 


1=Dlar\nrl+¥ f dv ly, sy 1 |, (7.36) 


while the spectral decomposition (2.31) of A becomes 


A= > lm, r)a,(nr|+ 3. f dvly, sya(v){v, s| |}. (7.37) 


ni? AY 


We stress the fact that the existence of a discrete and/or continuous spectrum has no 
relation whatsoever to whether or not the operator A is bounded. There exist unbounded 
operators whose spectrum is entirely discrete, such as the Hamiltonian of the harmonic 
oscillator (Section 11.1.1) or the squared angular momentum PP (Section 10.1), and there 
are bounded operators like multiplication by x on L®[0, 1] ((7.26)) whose spectrum is 
entirely continuous. 
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7.3.2 Unitary operators 
A unitary operator U is defined as 
UU =UU' =I or U =U". (7.38) 
It is immediately seen that unitary operators are necessarily bounded, as they have unit 
norm. As in the case of finite dimension, it is possible to construct unitary operators by 


exponentiating Hermitian operators. Using the spectral decomposition of A (7.37), we 
have 


U(a) = exp(iaA) = >> |n, r) exp(iaa,)(n, r| + xy dv |v, s) expliaa(v)](v, s| 


nr 


(7.39) 


This equation shows that the spectrum of exp(i@A) is localized on the circle |z| = 1, and 
it is easy to verify that this property holds for any unitary operator. Moreover, (7.39) 
shows that U(q@) satisfies the Abelian group property: 


U(a, +a) =U(a,)U(a,), U(0)=1. (7.40) 


The reciprocal of this property is the important Stone theorem.® 

The Stone theorem. Given a set of unitary operators depending on a continuous 
parameter a and satisfying the Abelian group law (7.40), there exists a Hermitian 
operator T, called the infinitesimal generator of the transformation group U(a), such 
that U(a) = exp(iaT). 

This theorem can be demonstrated heuristically by showing that U(q@) satisfies a 
differential equation. If da — 0, then 


U(a+ 6a) = U(da)U(a) ~ (14300 ) U(a). (7.41) 
a la=0 
If we take 
T=-i ey é (7.42) 
da la=0 


T must be Hermitian because 
U(6a)U' (6a) ~ (1+idaT) (I -idaT") 
~ [+ida(T —T"') =], 
from which we have T = 7°. From (7.41) we deduce that 
dU(a) 
da 


which gives the Stone theorem by integrating and taking into account the boundary 
condition U(0) = I. 


—iTU(a), (7.43) 


8 Also known as the SNAG (Stone, Naimark, Ambrose, and Godement) theorem. 
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7.4 Exercises 
7.4.1 Spaces of infinite dimension 


1. Show that the space ¢? is complete. 
2. Show that strong convergence implies weak convergence, but not the reverse, except if the space 
is of finite dimension. 


7.4.2 Spectrum of a Hermitian operator 


Show that if A= A‘ and z = x+iy, the vector 


Ix) = (<1 — A)|¢) 


cannot vanish if y 40. 


7.4.3 Canonical commutation relations 


1. Let two Hermitian operators A and B satisfy the commutation relation [B, A] = iJ. Show that at 
least one of these operators is unbounded. Without loss of generality (why?) it can be assumed 
that ||B|| = 1. Hint: show that 


[B, A"] =inA"| 
and derive 


n n n— 
An > SA" LL 


2. Assume that A possesses a normalizable eigenvector |¢) 


* 


Alg)=alg), a=a’". 


On the one hand we have 


(¢|(BA — AB)|¢) 


(g|B|Ag) — (Ag|B|¢) 
= a((g|B|p) — (g|Ble)) =0, 


while on the other 
(¢|(BA— AB)|¢) = (¢|[B, A]l¢) = illg||? 40. 


What is the solution of this pseudoparadox? Hint: examine the case where B = x and A = —id/dx 
on L?[0, 1] with the boundary conditions g(x = 0) = g(x = 1). 

3. Let us consider the operators A; defined in Section 7.2.2. Find the eigenvalues and eigenvectors 
of Ac, and show that the spectrum of A; varies depending on the values of C. The von Neumann 
theorem (Chapter 8) states that the canonical commutation relations are unique up to a unitary 
equivalence. However, 


[X, Ac] =il and [X, Ag] =il, 


and Ac # Acq if C#C’. What is the solution of this new pseudoparadox (which is not indepen- 
dent of the preceding one)? 
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7.4.4 Dilatation operators and the conformal transformation 


1. Let A be the operator 
. 0 
A=-i1x—. 
Ox 
Is A Hermitian? Show that 
fer ©] (x) = &(e-* x). 
Method 1: use the variable u = In x. 
2. Method 2: obtain the partial differential equation 


(+ +x >) Ge ©] (x) =0. 


3. Let B be the operator 


Show that 


7.5 Further reading 


Jauch [1968], Chapters 1—4, and Peres [1993], Chapter 4, contain a fairly detailed and 
mathematically rigorous exposition of useful notions about Hilbert spaces of infinite 
dimension and operators on these spaces. The reader interested in the mathematical 
aspects can plunge into the classic text of F. Riesz and B. Sz.-Nagy, Functional Analysis, 
New York: Ungar (1955). 
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Symmetries in quantum physics 


The solution of problems in classical physics is simplified, sometimes considerably, by 
the presence of symmetries, that is, transformations that leave certain physical problems 
invariant. For example, in classical mechanics the problem of a particle in a time- 
independent central force field F (7) = F(r)? is invariant under time-translations and under 
rotations about any axis passing through the origin. Invariance under time-translations 
ensures the conservation of mechanical energy F, and invariance under rotations ensures 
the conservation of angular momentum j. In the absence of symmetries, it is necessary 
to solve a system of three second-order differential equations (one for each component). 
When these symmetries are present the problem reduces to the solution of only a 
single first-order differential equation. Let us summarize the consequences of invariance 
principles in classical mechanics. 


e Invariance of the potential energy under time-translations implies conservation of mechanical 
energy E = K +V, the sum of the kinetic energy K and the potential energy V. 

e Invariance of the potential energy under spatial translations parallel to a vector n implies 
conservation of the momentum component p-n = p;. 

e Invariance of the potential energy under rotations about an axis 7 implies conservation of the 
component j-/ = j, of the angular momentum. 


Symmetry properties play an even more important role in quantum mechanics. They make 
it possible to obtain very general results which are independent of approximations made, 
for example, for the Hamiltonian (of course, as long as these approximations respect the 
symmetries of the problem). In this chapter we shall exploit the following invariance 
hypotheses, which we assume are valid for an isolated system.' 


e The description of an isolated system should not depend on the origin of time; it must be invariant 
under translation of the time origin. 

e Space is homogeneous, that is, the description of an isolated system should not depend on the 
origin of the axes; it must be invariant under space translations. 


' These hypotheses are eminently plausible, but there may always exist subtle effects that violate one (or several) of the 
invariances. Before 1957, the vast majority of physicists believed that physics was invariant under the parity operation. 
Pauli himself vetoed plans for an experiment at CERN in Geneva designed to seek parity violation, as he found the idea of 
such violation so absurd. As a consequence, parity violation was discovered experimentally soon afterwards in the USA by 
C. S. Wu (cf. Section 8.3.3). 
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e Space is isotropic, that is, the description of an isolated system should not depend on the 
orientation chosen for the axes; it must be invariant under rotations. 

e The form of the laws of physics should not change in going from one inertial reference frame 
to another. 


This last hypothesis must be made more precise, because there exist two possible transfor- 
mation laws between inertial reference frames, the Lorentz law and the Galilean law, the 
latter being valid when v/c — 0. Naturally, the Lorentz transformation law is the more 
general one, but it would take us into quantum field theory. Since here we shall consider 
only particles with speeds much less than the speed of light, we can limit ourselves to 
Galilean transformations and work within the framework of what is conventionally, but 


improperly, called “nonrelativistic quantum mechanics.” 


8.1 Transformation of a state in a symmetry operation 
8.1.1 Invariance of probabilities in a symmetry operation 


The viewpoint adopted implicitly in the introduction to this chapter is called passive: the 
physical system is not changed, but the set of axes is. It is in general equivalent to adopt the 
active point of view,° in which the set of axes is unchanged, but a symmetry operation is 
applied to the physical system. We have already used this equivalence in the discussion of 
Section 3.2.4: compare in Figure 3.11 the passive (a) and the active (b) points of view. In the 
rest of this chapter we shall adopt the active point of view, as it is perhaps more intuitive,* 
and it will be more convenient for certain discussions, for example that of Section 10.5. 

We have seen in Chapter 4, postulate I, that the mathematical object in one-to-one 
correspondence with a physical state is a normalized ray in the space of states H, that 
is, a normalized vector up to a phase. In the present section only, the distinction between 
vectors and rays will be crucial; afterwards, we shall forget it. It can be shown immediately 
that the relation between two vectors of At 


lp’) =e"|¢), (8.1) 


where 6@ is a real number, is an equivalence relation |g’) ~ |¢).° The equivalence class is 
a ray, which we denote @. The scalar product of two rays @ and y is not defined, but the 
modulus of this scalar product, which we denote |(Vy, ¢)|, is well defined. We can choose 
two arbitrary representatives |g) and |x) in the equivalence classes and write 


I(x P| = ICxle)I, (8.2) 


because the modulus does not depend on the phase factors. The result is independent of 
the choice of representatives in the equivalence classes. 


> In fact, this theory is perfectly relativistic, as it satisfies Galilean relativity. 

3 For certain transformations like reflection in a plane it is simpler to use the passive point of view, which amounts to viewing 
the system in a mirror. One can also imagine constructing a setup symmetric to the original one with respect to a plane. 

At least it is for the author! 

In this subsection only, ~ means “belongs to the same equivalence class”, and not “of the order of.” 


4 
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Let us return to the spin 1/2 of Chapter 3. We have seen how to prepare a spin 
state oriented along Oz, represented by the ray @,, by using a Stern—Gerlach device 
with magnetic field pointing along Oz and selecting atoms which are deflected upwards 
(by choosing the appropriate sign of the field). Let us rotate the field by an angle a about 
the direction of propagation Oy to have it point in the direction 7, making an angle @ 
with Oz, 0 < a < 27. In this way we prepare the physical spin state represented by the 
ray @,(/,), which by definition will be the state @, transformed by rotation by a about 
Oy (Fig. 8.1). Using the notation of Chapter 3, the equivalence class of the vector |+) 
is the ray @,, and that of the vector |+,7,) is the ray @,(/,). In general, the state Pz 
obtained by a rotation ® of the state @ will be obtained by a rotation & of the apparatus 
that prepares the state @. 

Now let us suppose that after the first Stern—Gerlach apparatus (the polarizer), in which 
the field is parallel to Oz, we place a second device (the analyzer) with field parallel 
to the direction ng obtained from Oz by rotation by an angle B about Oy (Fig. 8.2a). 
If along the trajectory there is no magnetic field that can rotate the spin, the probability 


analyzer 


analyzer 


polarizer polarizer 


(a) : (b) 


Fig. 8.2. Simultaneous rotations of the polarizer and the analyzer by an angle a. 
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for the spin to be deflected in the direction fig is 


(P4.(Ag), P,)/. 
Let us now perform the experiment after rotating the polarizer and the analyzer at the 
same time by an angle a (Fig. 8.2b). The probability of deflection in the direction n,,¢ is 
(Ps. asp)» P+ (fia). 


Since both the polarizer and the analyzer have undergone the same rotation, rotational 
invariance implies that the probabilities are unchanged: 


(Ps Aarp)s P(A)? = |(G (Aig), IP. (8.3) 


Let us generalize (8.3). If we make a transformation g on a state @ by applying this 
transformation to the apparatus that prepares ¢ to obtain the transformed state 9,, P > @,, 
and if we perform the same operation on the measurement device for y, ¥ > X,, then 
the probabilities must be unchanged if the physics is invariant under this operation: 


IX Sel? = 1% PP. (8.4) 


8.1.2 The Wigner theorem 


The property (8.4) of rays is translated into a property of vectors owing to a very important 
theorem due to Wigner. 

The Wigner theorem. If a transformation g on physical states is mathematically trans- 
lated into a transformation law for the corresponding rays, @ > ©,, and if we assume 
that the probabilities are invariant under this transformation, 


(Xe PIP =I OP VO, x, 
it is then possible to choose a representative \~,) of @, such that for any vector |p) « H 


lp,) = U(s)le), (8.5) 


where the operator U(g) is unitary or antiunitary and is unique up to a phase. 

The transformation law of rays thus becomes a transformation law of vectors by the 
application of an operator that depends only on the transformation g. If U(g) is unitary, 
the Wigner theorem implies not only invariance of the norm of the scalar product, but 
also invariance of its phase, since 


(U(g)x|U(g)¢) = (xl@). 
Antiunitary operators transform the scalar product into its complex conjugate: 


(U(g)x|U(s)¢) = (xle)* = (elx)- (8.6) 


The proof of the Wigner theorem involves only elementary concepts, but it is quite 
delicate, and we shall leave it to Appendix A. Antiunitary operators come in only when the 
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transformation g includes time reversal; we shall say a bit more about this in Section 8.3.3, 
but we leave the detailed study to Appendix A. For the time being we limit ourselves to 
unitary transformations. 

The Wigner theorem has particularly interesting consequences if the transformations 
g form a group G. The product g = g,g, of two transformations, as well as the inverse 
transformation g~!, is then a transformation of G. The order of the transformations in 
85g, 1S important because the group G is not in general Abelian: g,¢, 4 g,g>. If g= 22), 
the rays @, and @,,,. must be identical. For example, if G is the group of rotations about 
Oz, and if R.(@) represents a rotation by angle 6 about Oz, then we have 


R(O = 8, + 6)) = R(O,)R_(9). (8.7) 


The physical state obtained by rotation by an angle 6 = 6,+ 6, must be identical to that 
obtained by rotation by an angle 6, followed by rotation by an angle 6). 

Let us now use the Wigner theorem to choose the phases of the vectors such that the 
correspondence between |g) and |g,) will be given by (8.5). If g = gg), on the one hand 
we have 


lp.) = U(s)l¢), (8.8) 
while on the other 
lPee,) = U(82)IPg,) = U(82)U(81)I¢)- (8.9) 


The vectors |g,) and |¢,,,) represent identical physical states, and they must be equal 
up to a phase: 


|p,) = es 1g, .)- (8.10) 


The phase factor in (8.10) could a priori depend on |g), but in fact it depends only on g, 
and g,. This is easily seen by writing 


le.) =e lus IX.) Sa eee 
and by examining the scalar product (y|@): 
(X19) = (Xl) = 2 (eres | Peres) 
= eXP)(U(g,)U(8,) x|U(82) U(81)¢) 
= eA) (yI9), 


which implies that a = B. Since the vector |g) is arbitrary, (8.10) implies the correspond- 
ing relation for the operators U(g): 


U(g) = e'*8) U(g,)U(8;). (8.11) 


This equation expresses a mathematical property: the operators U(g) form a projective 
representation of the group G. In the rest of this book we shall consider only two 
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simple versions of (8.11). In one the phase factor is +1, and this corresponds to a vector 
representation of G: 


U(g) = U(g)U(8,). (8.12) 


In the other the phase factor is +1: 


U(g) = £ U(g,) U(g,). (8.13) 


We shall see this factor + arises in the case where G is the rotation group; the represen- 
tations (8.13) of this group are called spinor representations of the rotation group. 


8.2 Infinitesimal generators 
8.2.1 Definitions 


Two types of transformation group can be distinguished. 


e Discrete groups, in which the number of elements is finite or denumerably infinite. Some 
simple examples are parity, the operation that changes the sign of the coordinates r > —r 
(cf. Section 8.3.3), and the crystallographic groups that play an important role in solid-state 
physics. 

e Continuous groups, in which the elements are parametrized by one or more parameters that vary 
continuously.® For example, the rotation ,(0) about Oz is parametrized by an angle @ which 
varies continuously between 0 and 277. 


The interesting continuous groups in physics are the Lie groups (Exercise 8.5.4), of which 
an example is the group of spatial rotations, or the SO(3) group of orthogonal matrices 
R'R=RR' =1 of determinant +1 in three-dimensional space.’ Here A’ stands for the 
transpose of the operator A. This group, which is a three-parameter group, will play a 
major role in the rest of the book. For example, a rotation can be parametrized by the 
two angles giving the direction 7 of the rotation axis in a reference frame Oxyz plus the 
rotation angle, where all three angles can vary continuously. The rotation group possesses 
an infinite number of Abelian subgroups, rotations about a fixed axis. We shall show that 
it is sufficient to consider the three Abelian subgroups corresponding to rotations about 
Ox, Oy, and Oz; the number of these subgroups is equal to the number of independent 
parameters. Rotations belonging to these subgroups are parametrized by an angle 6, and 
according to (8.7) this parameter is additive: the product of two rotations by angles 6, 
and @, is a rotation by an angle 6 = 0, + 6,. In general, if a Lie group GY is parametrized 
by n independent parameters, it is said that the dimension of the group is n, and we are 


a 


It should be noted that in the case of a continuous group, the transformations U(g) are necessarily unitary by continuity if 
any group element can be related in a continuous fashion to the neutral element e of the group, in other words, if the group 
is connected: U(e) = / is unitary. 

The relation R’ R = / implies that det R = +1. When writing SO(3) for the rotation group, S indicates that we must choose 
det R = +1, O means that the group is orthogonal, and the 3 denotes the spatial dimension. If inversion of the axes, or parity, 
is added to the rotations, we obtain the O(3) group, which includes also matrices of determinant —1. The group SO(3) is 
connected, but O(3) is not: it is not possible to pass continuously from det R = +1 to det R = —1. 


x 
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led to the study of n Abelian subgroups (Exercise 8.5.4). Let us take an Abelian subgroup 
of G whose elements / are parametrized by an additive parameter a: 


h(a, + a>) = h(a,)h(a,). (8.14) 


According to (8.12), the operators U;,(a@) which transform the state vectors of A( must 
satisfy 


U;, (a; + @) = U;,(a,)U;, (a). (8.15) 


The Stone theorem (Section 7.3.2) implies the existence of a Hermitian operator 7, = T; 
such that 


U, (a) =e 10", (8.16) 


The operator 7), is called the infinitesimal generator of the transformation in question. 
Since 7), is Hermitian, it is a good candidate for a physical property, and in fact all the 
transformations listed in the introduction to this chapter correspond to fundamental physi- 
cal properties. The following correspondence can be established between the infinitesimal 
generators for these various transformations and physical properties, and we shall discuss 
all these in more detail later on in this chapter. 


e Time translations by t: U(t) = exp(—itH/h). The operator T, = H is the Hamiltonian; see 
Chapter 4. 

e Space translations by a = aa: U(a) = exp(—ia(P -a)/h). The operator T), = P-ais the component 
of the momentum P along @. 

e Rotations by @ about an axis A: U;(0) = exp(—i0(J-f)/h). The operator 7, =J-f is the 
component of the angular momentum J along 7. 

e Galilean transformations of the velocity 3: U(v) = exp(—i(t- G)/h). The operator G = —mR, 
where R is the position and m is the mass. 


In each case the presence of f in the exponential ensures that the exponent is dimen- 
sionless. If we choose precisely f and not fh times a number, the preceding expressions 
define the operators representing the physical properties of energy, momentum, angular 
momentum, and position. In fact, these expressions give the most general definition of 
these operators. 


8.2.2 Conservation laws 


We are going to show that in quantum physics the conservation laws for the expectation 
values of physical properties correspond to the conservation laws of classical physics in 
the presence of a symmetry. Let us first generalize (4.26) to the case where the operator A 
depends explicitly on time. To the right-hand side of (4.26) we must add 


(| |eo =(F) 
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and this equation gives the general form of the Ehrenfest theorem: 


d i 0A 
— (A) (= =(|4,A —_ 8.17 
5 Aol) = 5 Al HT) (8.17) 
When the operator A is time-independent, (0A/d0t) = 0, we recover (4.26): 
d i 
— (A), (t) = = ([H, A]).. 8.18 
— (A) g(t) = = (CH, Al) (8.18) 


Since this equation is valid for any |¢~), we obtain the following theorem (assuming that 
His independent of time). 

Theorem of conservation of the expectation value. When a physical property A is 
independent of time, the condition d{A)/dt = 0 implies that [|H, A] = 0 and the reverse: 


If — =0, © (A)y =0 = [HA] =0. (8.19) 
As an application, let us assume that the properties of a physical system are invariant 
under spatial translations. This will be the case, for example, for an isolated system of 
two particles whose potential energy depends only on the difference of their positions 
(7, — >). The expectation value of the Hamiltonian must be the same for the state |¢~) and the 


state |p;) = exp[—i(P - a) /h]|¢) obtained by translation by @, where d is an arbitrary vector: 


Poa Pa 
(gal H|¢z) = (el exp (i —) H exp (-i —)I¢) = (g|H|¢). 
Allowing a to tend to zero, we deduce that 
Invariance under spatial translation <> [H, P| = 0 |: (8.20) 


The notation [H, P| = 0 indicates that the three components of the momentum commute 
with H. According to (8.18), this equation implies that the expectation value (P) of P 
is independent of time: invariance under translation implies conservation of momentum 
(more precisely, its expectation value). The same reasoning shows that 


Invariance under rotation <> [H, J] =0 |. (8.21) 


The expectation value (J ) of J is independent of time: invariance under rotation implies 
the conservation of angular momentum (more precisely, its expectation value). 
It is also useful to note the following. 


e If [H, A] =0, A and H can be diagonalized simultaneously and, in particular, it is possible to 
find the stationary states among the eigenvectors of A. 

e The condition [H, A] = 0 implies that A commutes with the evolution operator U(t — tp) (4.20). 
If |p(t))) is an eigenvector of A at time fo, 


AlQ(to)) = alP(to)). 
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then |g(t)) is an eigenvector of A with the same eigenvalue: 


Alg(t)) = AU(t — to) |(to)) = Ult — t9) Al p(to)) = ale(t)). 


The eigenvalue a is conserved; it is a constant of the motion. We could have obtained this result 
directly from (8.19), because in this case (A) = a. 


8.2.3 Commutation relations of infinitesimal generators 


Most of the properties of a Lie group can be determined by examining the neighborhood 
of the identity; more precisely, by studying the commutation relations of the infinitesimal 
generators. The set of these commutation relations constitutes the Lie algebra of the group 
(Exercise 8.5.4). However, two Lie groups that are isomorphic in the neighborhood of the 
identity may differ in their global topological properties; we shall soon give an example 
of this. Let us examine in more detail the case of the rotation group.® The operator ®, (0) 
which rotates by an angle @ about the axis 7 is an orthogonal operator of three-dimensional 
space: R'R=RR' =1. The rotations R; (0) form an Abelian subgroup of the rotation 
group, and according to the Stone theorem we can always write 


R.(0) = exp (-ia? A), (8.22) 


where T - fi is a Hermitian operator. Since & is orthogonal and real, it is also unitary. 
In this notation a vector V is transformed into V’ (Fig. 8.3): 


V’ = (1—cos6)(A-V)a+cos 6 V +sin (A x V). (8.23) 


Fig. 8.3. Rotation of a vector V by an angle 0 about the axis 7. 


8 Unless explicitly stated otherwise, we are always dealing with the SO(3) group of rotations in three-dimensional Euclidean 
space. 
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This transformation law can be written in matrix form as 
3 
Vi = DL Ri (1; V;- (8.24) 
j=l 


The explicit determination of the matrix [%;,(@)];; is proposed in Exercise 8.5.1. We shall 
not need it, because we are going to take the limit 6 — 0, that is, the limit of infinitesimal 
rotations: 


V=V+0(Ax V)+0(0)". (8.25) 


Expansion of the exponential in (8.22) and comparison with (8.25) gives 


0 —n, Hn, V.. 
(T-n)V=i} n, O —n, ae 
“fy, Re 2 V~ 


and by identification the Hermitian operators T,, T,, and T-: 


00 0 0 0 i 0 -i 0 
T.=|00-i], 7Z=[ 0 00], r=[i 0 0]. (8.26) 
0 i 0 i 0 0 0 0 0 


When @ is finite, the exponential in (8.22) can easily be calculated by noting that 
(T -n)> = T -h (Exercise 8.5.1) and we recover (8.23). Direct calculation (Exercise 8.5.1) 
gives the following commutation relations,’ which form the Lie algebra of SO(3): 


[7..T,]=iT,, [T,,7]J=iT, [TT] =iT,, (8.27) 


or, using the notation of (3.52), 


(8.28) 


Now let us give a quicker and more instructive demonstration of (8.27) using the following 
expression for a rotation by an angle 6 about an axis 7(@) in the yOz plane, obtained 
starting from the Oy axis by rotating by an angle ¢ about Ox (Fig. 8.4): 


Rig) (9) = RCP) RRA). (8.29) 


The rotation R,(—¢) first takes the axis n(@) onto Oy. We then rotate by an angle 0 
about Oy and finally return to the initial position of the axis by the rotation R,(@). Let us 
express R;4)(@) and #,(@) in exponential form (8.22) and expand to first order in 6: 


T -A(p) =cos PT, + sind T, =e" T,ei#™, 
Then expanding to first order in @ we find 


re r,| = i ‘e 


° In fact, it is sufficient to prove only the first, and the other two follow by circular permutation. 
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Fig. 8.4. The rotation ®;,.4) (9). 


and the two other commutation relations (8.27) follow by circular permutation. 
Now let us consider operators that perform rotations on physical states in F(. We have 
seen that the operator which performs a rotation by an angle 6 about an axis 7 is 


(8.30) 


Since these operators form a representation of the rotation group, from (8.12) and (8.29) 
we deduce that 


U [Rig (9)] = ULR(P)JU [X, (OU [X,(—9)]. 


Again expanding the exponentials to first order in 6 and then in @, we obtain the angular 
momentum commutation relations: 


(J. 5) =i, (J, J=it,, [,,7,)=ih,, (8.31) 


xowy 


where 


[FJ J=ih>d ein J |. (8.32) 
k 


oe | 


The commutation relations of the J; are, up to a factor of h, identical to those of the 
T;. The infinitesimal generators of rotations in H have the same commutation relations 
as the infinitesimal generators of the rotation group in ordinary space. Our demonstration 
of the relations (8.31) or (8.32) emphasizes their geometrical origin. 

The commutation relations of scalar and vector operators with J are of great practical 
importance. A scalar operator S is an operator whose expectation value is invariant under 


rotation. If U(R) is the operator performing a rotation & in the space of states 


lpz) =UR)|¢), 
we must have 


(Pal5|Gx) = (g|U'(R)SU(R) |g) = (¢|S\e), 
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and therefore for a rotation R;(6), 


FA jh 
exp Ga Sexp (- | 5: 


Taking 6 to be infinitesimal, we can state that S commutes with J: 


A scalar operator commutes with the angular momentum. 

By similar reasoning we can determine the commutation relations for J with R or P, 
and more generally with any vector operator. By definition, a vector operator V is an 
operator whose expectation value transforms under rotation according to the law (8.24). 
We must then have 


3 
(gal Vilex) = (G|U'(R)ViU(R)|e) = D0 Ri; (¢lVil¢), 
j=l 
and consequently for a rotation ®; (0), 
vl es ae 
exp (w 2 V, exp (- | = TR (M1; V;- (8.34) 
j=l 
Let us take 7 = X and @ to be infinitesimal. According to (8.25), V’ has the components 
(Vis V, yp OV... V. + 6V,), 


and then we have, for example, for the component i = y of (8.34), 
i i 
1+=6J,)V,(I— = 6J,) = V,— OV. 
( P h x y h x y Zz 
whence i[J,, V,] = —hV,. Examining the other components, we find 
Lis Vi. aa 0, [hes a = iAV., ear V.] = ae 


or in the general form 


k 


These relations are valid, in particular, for the position operator R and the momentum 
operator P, which are vector operators. 

The attentive reader will have noticed that the commutation relations (3.53) for spin 1/2, 
S= she, are identical to (8.31), and spin 1/2 is therefore an angular momentum. Let us 
give some other evidence for this identification without entering into the mathematical 
details which would take us too far afield. The Lie algebra (3.52) of the Pauli matrices 
is that of the SU(2) group of 2 x 2 unitary matrices of determinant +1 (Exercise 8.5.2). 
The Lie algebras of SU(2) and SO(3) are identical; the two groups coincide in the 
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neighborhood of the identity. However, the two groups are not globally identical. This 
can be seen by considering a rotation of 277 about an axis n. Using (3.67) 


Se oe 0 4S eo 
exp (-i56-f) =cos <1 -id- A sin = 
2 2 p: 
we see that 


ae 
exp(-i56-i) =—1 for 0= 27. 


The identity is recovered only for 6 = 47! The identity rotation of SO(3) therefore 
corresponds to two elements of SU(2), +/ and —/. The correspondence between SU(2) 
and SO(3) is a homomorphism such that two elements of SU(2) correspond to one 
element of SO(3), and so for spin 1/2 we have a projective representation (8.13) of the 
rotation group. This property results from the fact that the SO(3) group is connected, but 
not simply connected.'” A continuous curve drawn in the parameter space of the group 
cannot always be continuously deformed to a point. This property is seen in rotations 
in ordinary space!! and is not peculiar to quantum mechanics, as there is sometimes a 
tendency to suggest.!” 
is not a rotation by 27 but a rotation by 477. 


The real identity rotation of an object in relation to its environment 


8.3 Canonical commutation relations 
8.3.1 Dimension d =1 


Let us first place ourselves in one dimension, on the x axis, and let X be the position 
operator. We consider a particle in a state |g) such that the particle is localized in the 
neighborhood of an average position x, with dispersion Ax: 


(pIX|p) =(X) =X, (p(X — x)" |e) = (Ax)’. (8.36) 


The particle is localized, for example, in the interval |x) — Ax, x) + Ax] (Fig. 8.5). If we 


10 A disk in a plane is simply connected. If a hole is made in the disk, the resulting region of the plane is no longer simply 
connected, because a curve encircling the hole can no longer be shrunk to a point. 

' Cf, Lévy-Leblond and Balibar [1990], Chapter 3.D; the argument is due to Dirac. 

'2 & word about the conditions under which projective representations are necessary. Two cases can arise. (i) As for the 
correspondence between SU(2) and SO(3), a projective representation may become necessary owing to global topological 
properties. The phase factor in (8.11) then takes discrete values, as in (8.13). (ii) If 


[7;, T)] =i 0 Cin T 
k 


is the algebra of the Lie group (of which (8.28) for SO(3) is an example; see also Exercise 8.5.4), it can happen that it is 
possible to construct another Lie algebra with right-hand side differing by a multiple of the identity: 
[T;,T)]=i do Ci T+id jl, Dj; = —Dj- 
k 
This extra term is called a central extension of the initial Lie algebra. If the term D,;/ can be eliminated by a redefinition of 
the infinitesimal generators T/, then only vector representations exist (with perhaps discrete phase factors due to the global 


topological properties, as in (i)). In the contrary case, for example, that of the Galilean group (Exercise 8.5.7), there exist 
projective representations in which the phase factor varies continuously; see, for example, Weinberg [1995], Chapter 2. 
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Fig. 8.5. A particle localized in the neighborhood of « = x, and translated by a. 


apply to this state a translation a, 


-i Jip) =U@le), 


where P is the momentum operator and U(a) is the translation operator, 


lp) > |.) = exp ( 


U(a) = exp (-i a) , Ua '(a) =Ut(a) =exp (i =) (8.37) 


then after translation the particle will be localized in the interval [x )-+a—Ax, x) +a+Ax]: 
(X)a = (Pal X14) = (G/U! (a) XU(a)|¢) = x +a = (X) +a. 


Since the state |g) is arbitrary, equality of the expectation values implies that of the 
operators: 


U-!(a)XU(a) = X +al, (8.38) 


and if we allow a to tend to zero we obtain the canonical commutation relation between 
X and P: 


[X, P]=ins |. (8.39) 


As an application, let us calculate the commutator of P and some function f(X). We 
expand f(X) in a Taylor series: 


f(X) = eg $e, X* +--+, X40. 
According to (8.38), 
U~!(a)X*U(a) = U~'(a)XU(a)U~ | (a)XU(a) = (X +l)’, 
and this generalizes immediately to X”: 


U~!(a)X"U(a) = (X+al)". 


U~'(a) f(X)U(a) = f(X +al) |. (8.40) 


We then obtain 
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Using a well-proven technique we allow a to tend to zero and obtain 
., Of(X) 
P, f(X)| = -ih-——. 
[P, (| = ~in 


As a particular case of (8.40) we can choose f(X) = exp(iBX), B real. We then find the 
Weyl form of the canonical commutation relations: 


(8.41) 


exp (i =) exp(iBX) exp ( —i =) = exp(iBX) exp(iBa). (8.42) 


The Weyl form is more interesting mathematically than (8.39), because the unitary 
operators involved in (8.42) are bounded (Section 7.2.1), in contrast to the operators X 
and P. 

From (8.39) we immediately derive the Heisenberg inequality relating the dispersions 
in position and momentum. According to (4.10), 


Ar Ap = VK) (P= py) = 5 |. (8.43) 


8.3.2 Explicit realization and von Neumann’s theorem 


An explicit realization or representation of the canonical commutation relations (8.39) can 
be given in the space L®(R) of differentiable functions g(x) which are square-integrable 
on the real line in the range [—oo, +00]. This representation is 


(Xp\(x) = x9), (Pp)(x) = -in= I]. (8.44) 


In these equations (X@) and (P@) stand for functions, for example, (X¢)(x) = g(x) and 
(Pe) (x) = h(x). Let us verify (8.44): 


([XP — PX]¢)(x) = ~inx? +ine (xg) (x) = ihe(x) 
Bs bs 
or 
(LX, P]g)(x) = ihe(a). 


It is legitimate to ask whether or not the representation (8.44) for the canonical commu- 
tation relations is unique: is (8.44) a unique solution of (8.39)? Obviously, two represen- 
tations should not be considered distinct if they are related by a unitary transformation, 
which is just a simple change of orthonormal basis in A(. Let U be a unitary operator. 
The operators P’ and X’ obtained by a unitary transformation 


PSUPU, Ka KU 
also obey the canonical commutation relations 


[X’, P’'] = U'XUU' PU — U* PUU' XU = U'[X, PU = inl. 
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The representation (X’, P’) of the canonical commutation relations is said to be unitarily 
equivalent to the representation (X, P). The importance of (8.44) comes from the following 
theorem, which we state without proof. 

The unitary equivalence theorem of von Neumann. All representations of the canonical 
commutation relations of the Weyl form'> (8.42) are unitarily equivalent to the repre- 
sentation (8.44) on L®(R). Moreover, this representation is irreducible, that is, any 
operator on FC can be written as a function of X and P. Any operator that commutes 
with X (P) is a function of X (P). Any operator that commutes with X and P is a multiple 
of the identity I. 

This theorem implies that we do not have to worry about the choice of representation 
in (8.39), because any two choices are related to each other by a unitary transformation. 

In three dimensions the position and momentum operators R and P are vector operators 
with components X, Y, Z and P,, ee ee which we denote collectively as X; and P,, 
i= x, y, z. The different components of R and P commute, and only identical components 
have nonzero commutation relations: 


[X,, P)] =ih6,,I |. (8.45) 


8.3.3 The parity operator 


The parity operator reverses the sign of the coordinates: x > —x. It can also be viewed 
as a combination of reflection with respect to a plane followed by a rotation by 7 about 
an axis perpendicular to this plane. Let us take for example the xOy plane and call M 
the reflection with respect to this plane and ®.(77) the rotation about Oz: 


x x —X 

M R-(m) 
y}loty |—I-y ]. (8.46) 
ve =e 4 


Since rotational invariance is valid in general, parity invariance can be imagined as 
follows: the mirror image of a physics experiment must appear as being physically 
possible. The action of the parity operator on true vectors, or polar vectors, such as the 
position 7, momentum Pp, or electric field E, 


7>-7, p>-p, E>-E, (8.47) 


is different from that on pseudovectors, or axial vectors, such as the angular momentum 
j or the magnetic field B, which are associated with a rotational sense rather than a 
direction: 


[a BSB. (8.48) 


'3 This precision is important, because otherwise the operators Ac of Section 7.2.2 would permit the construction of a 
counterexample to the theorem. 
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We recall that the vector product of two polar vectors is an axial vector;'* for example, 
j =F X p is an axial vector. 

Weak interactions (see Section 1.1.4) are not parity-invariant; this was first shown by 
C. S. Wu using the B-decay (1.4) of polarized cobalt (°°Co) nuclei to an excited state 
of Ni: 


5 > ONT be Ep. 


In the Wu experiment, the expectation value of the ©’Co angular momentum (J ) has a 
fixed orientation (Fig. 8.6). The decay electrons are emitted preferentially in the direction 
opposite to that of the angular momentum: if P is the electron momentum, (J : P) ~ 0. 
However, J : P), the expectation value of the scalar product of a polar vector and an 
axial vector, is a pseudoscalar which changes sign under the parity operation. The mirror 
image of the experiment (Fig. 8.6) does not appear to be physically possible: in the mirror 
image the rotations are reversed in sense, and the electrons are emitted preferentially in 
the direction of J. 

The group J corresponding to the parity operation is the multiplicative group of two 
elements {+1,—1}, the group Z,. Since —1 cannot be continuously connected to the 
identity, it is necessary to find an argument for deciding if the operator II representing 
the parity operation in the space of states is unitary or antiunitary. Let y and ¢ be two 


Pp Pp 
j 
. i 
image 


experiment 


Fig. 8.6. Experiment on the decay of polarized cobalt. 


'4 The existence of axial vectors is a peculiarity of three-dimensional space d = 3. An axial vector is in fact an antisymmetric 
tensor of rank 2 with d(d—1)/2 components in general. For d = 3 the number of components is three, so that it can 
correspond to a (pseudo)vector. In four dimensions it is not possible to make this identification, because an antisymmetric 
tensor of rank 2 like the electromagnetic field has six components. 
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arbitrary vectors and (y, ¢) be their scalar product (we switch to the mathematicians’ 
notation until the end of this section). If parity is a symmetry, then 


|(ILy, Ie)| =| #)I- 


Since in the parity operation the position and momentum operators must both transform 
as vectors: 


P>II'PIl=-P, (8.49) 
their commutator is unchanged: 
II[X;, PJ = id. 
Let us examine the matrix element 
(ILy, O[X;, P |g) = (Ty, IX;, P,|IT'T¢) 
= (Illy, ihd; ge) = ihd;, (IL, Me). (8.50) 
On the other hand, we also have 
(Ly, H[X;, Pilg) = (Ly, Mihd;;) 
= ihé,,(Ily, H¢) (8.51) 
if we assume that IT is unitary. In fact, for a unitary operator 


(Ux, Vig) = (x, ig) =i(X, ¢), 


while for an antiunitary operator 


(Ux, Vig) = (ig, x) = —i(¢, x). 


The equations (8.50) and (8.51) are compatible only if II is unitary. On the other hand, if 
instead of parity IT we consider time reversal ©, R > R and P + —P (See Appendix A.2), 
then 


O[X,, P]O-' = —[X;, P;] = —ihd,, 


and the change of sign implies that © is antiunitary. 

If parity is a symmetry, which as far as we know is the case in strong and electro- 
magnetic interactions, IT must commute with the Hamiltonian: [II, H] = 0. Since IT? = /, 
two successive parity operations take the system of axes back to its initial position, and 
the eigenvalues of II are +1. Since II and H commute, it is possible to find a set of 
eigenvectors |g.) common to H and IT: 


N- 


H\g,) =E,|¢.), W]e.) ==+]¢4). (8.52) 
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The states |p,) are said to have positive parity and the states |p_) to have negative 
parity. 


8.4 Galilean invariance 
8.4.1 The Hamiltonian in dimension d =1 


We are now going to examine the consequences of the one invariance that so far we have 
not used, invariance under a change of inertial reference frame. First we limit ourselves to 
one dimension, taking the case of a particle on the x axis. The equations of nonrelativistic 
physics must preserve their form under a Galilean transformation 


x =x-vt, (8.53) 


which takes one reference frame into another moving at speed v relative to the first. The 
transformation law (8.53) corresponds to the passive point of view of changing the axes. 
In order to be consistent with the preceding sections, we shall choose the active point of 
view, in which the speeds of all the particles are modified by v; it is said that the particles 
are “boosted”! by an amount v. If the initial position, speed, momentum p, and kinetic 
energy K of a classical particle of mass m are 


x, x, Pp = mx, K => 2 mx’, 


these variables when boosted by v become 


x=x+ut, x =x+v, p=mx, K’ = 5 m(*)’. (8.54) 


In contrast to the case of translations and rotations, the energy is not invariant under a 
Galilean transformation. The only requirement that can be imposed is that the form of 
the equations of physics remains invariant. 

Let us now turn to the quantum case and place ourselves at time tf = 0, which corre- 
sponds to an instantaneous Galilean transformation. The transformation law for the state 
vectors under a Galilean transformation will be a unitary transformation U(v) 


U(v) = exp(—i ~), (8.55) 


where G = G‘' is the infinitesimal generator of Galilean transformations. Galilean trans- 
formations in one dimension form an additive group, because the composition of two 
transformations with velocities v and v’ is a transformation with velocity v’ = v+v’. 
Once again, the Stone theorem guarantees the existence of a Hermitian infinitesimal 
generator G. If (A) is the expectation value of a physical property in the state |@), the 
expectation value (A),, in the transformed state |g) = U(v)|¢g) will be 


(g,IAlg,) = (A), = (G|U-"(v) AUD) |). (8.56) 


'S This term originates from the idea of a rocket booster. 
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From (8.54) (for t = 0) we expect that the expectation values of the position X, 
momentum P, and velocity operators X will transform as 


(X) > (X), = (g|U" (vy) XU(v) |g) = (X), (8.57) 
(X) > (X), = (g|U"(v) XU(v) |p) = (X) +0, (8.58) 
(P) > (P), = (g|U'(v)PU(v) |) = (P) + mv. (8.59) 


The strong hypothesis,'® even though it seems natural, is in fact (8.58), because in quantum 
mechanics X is defined as (i/h)[H, X], and (8.58) leads to constraints on the possible 
Hamiltonians. Since (8.58) is valid for any |~), we obtain 


G G 
exp (i=) Pex (-i=) =P+mvl, (8.60) 
and by making v tend to zero, 
[G, P] = —ihml. 


It is therefore possible to choose G = —mX. According to the von Neumann theorem, 
any other choice will be unitarily equivalent. 

Let us now consider the operator X describing the speed, which according to (8.18) 
for A = X is defined by 


x= - [H, X]. (8.61) 
From (8.58) we have 
G\. G ; 
exp (i=) kexp(—i—) = X+viI, (8.62) 


and subtracting (8.60) (divided by m) from (8.62) we find 


exp (i) [x-— P]exp(-i) =x-— , (8.63) 


which implies that the operator [X — P/m] commutes with G and therefore with X. Again 
using the von Neumann theorem, [X — P/m] must be a function of X: 
ee? eee | 
X——=-— f(X). (8.64) 
m m 
In the one-dimensional case, and in general only in this case, the function f can be 
eliminated by a unitary transformation. Let F(x) be a primitive of f(x), F’(x) = f(x), 


'6 See H. Brown and P. Holland, The Galilean covariance of quantum mechanics in the case of external fields, Am. J. Phys. 
67, 204 (1999) for a critical evaluation of this hypothesis. 
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and consider a unitary transformation, which is in fact a local gauge transformation 
(cf. Section 11.4.1): 


S =exp (; F(X). (8.65) 


In the unitary transformation X’ = S~'XS the quantity X is obviously not changed, X’ = X. 
Let us calculate P’. Using (8.41), we find 


., OS : i 
[P, $] = —ih = (—in) (=) FOS = F205, 
from which we deduce 
S'PS—P=S"(PS—SP)=S"|P, S]=S'f(X)S = f(X). 
This gives P’ = S~'PS = P + f(X) and, according to (8.64), 
ae ee 
X=—P. 
m 


We can therefore always choose the momentum operator to be P = mX. This choice is 
unitarily equivalent to any other. We shall use these results to determine the most general 
form of the Hamiltonian compatible with the Galilean transformation laws. We define 
the operator K, which will of course be the quantum version of the kinetic energy, as 


1 P? 
K = =mxX? = — (8.66) 
2 2m 
and calculate its commutator with X: 
1 ih oP? P 
23a wie ae (8.67) 
2m 2m OP m 


Interchanging the roles of P and X, equation (8.41) implies that 


af(P) 


[X, f(P)] =h- 


However, 

] P i 
—p=X=-—[H, X], 
m h 
and subtracting this equation from (8.67) gives 


[H —K, X]=0. 


The operator (H — K) is a function only of X, which we denote as V(X). This then gives 
the most general form of the Hamiltonian compatible with Galilean invariance: 


H=K+V(X)= - VG). (8.68) 


m 
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This is what we would have obtained using the correspondence principle and starting 
from the classical analog of the energy, equal to the sum of the kinetic and potential 
energies: 


P 
E=—+V(x). 
2m 
Galilean invariance is ensured by the fact that the Hamiltonian preserves its form after 
transformation. If the initial Hamiltonian is a function of X and P, the transformed 


Hamiltonian is the same function of X, = X and P, = P+ mu: 


e The initial state: 


P2 
H=—+4+V(X). 
2m 
e The transformed state: 
P2 1 . 
H,= 5 +V(X,) =H+Put+ 5 mu + V(X). (8.69) 
m 


8.4.2 The Hamiltonian in dimension d =3 


Repeating the argument of the preceding subsection for the case of three space dimensions, 
we easily arrive at the generalization of (8.64): 


pa FR), (8.70) 
m m 


but we cannot in general eliminate f(R). It would be necessary to find a unitary trans- 
formation 


S = exp ( F(R) 
such that 
f(R) = VFR), 
which is only possible if Vv x f =0).'’ The equation (8.70) implies the commutation 
relation 


[X,, Xj] = —— 6). (8.71) 
The kinetic energy K is defined by 
1. fdRYy?) Tye So 
K=5m(—) =— (P-7(R)). 8.72 
=m(—) == -F7®) (8.72) 


'7 This condition is necessary but not sufficient in a domain that is not simply connected. 
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It is easy to calculate the commutator of K and X;. We find 


i- 


I : 1 bead oe 
[x x,[= ; m 1X}; x= 5 mY (Xj[X;. X,]+[X;, X;]X;) = —ihX; 
J J 


Comparing the commutators 
[K, X,]=—ihX, and [H, X,] = -ihX,, 
we obtain 
[H —K, X,]=0, 


and so (H — K) is a function only of R: H = K + V(R). The most general Hamiltonian 
compatible with Galilean invariance is then of the form 


He (P 7%) +V(R). (8.73) 


It is important to emphasize the difference between P/ m and dR/ dt: it is the latter that 
gives the kinetic energy K, 
re ey P? 
~ 2m \ dt 2m 
We can now make the connection with classical physics. In classical mechanics the 


Hamiltonian of a particle of charge g in a magnetic field B(?) =Vx A(F) and an electric 
field E(r) = —V¢(r) which may be time-dependent is'® 


LY fe “ 
Ha =5—(p-aA) +4907). (8.74) 
m 


We then find (8.73) using the correspondence principle and making the identification 
gA —f and gg = V. The significance of this Hamiltonian will be examined more deeply 
in Section 11.4.1, when we discuss local gauge invariance; the transformation (8.65) and 
its generalization to three dimensions are local gauge transformations. If f(R) can be 
eliminated by such a transformation, this would imply that BR=06. However, one should 
not conclude that f and V are necessarily identified with electromagnetic potentials, 
because f and V are arbitrary functions which need not obey Maxwell’s equations, and the 
particle need not be charged. All we have shown is that the classical Hamiltonian (8.74) 
can be quantized with a result consistent with Galilean invariance. 

Let us summarize what has been achieved in this chapter. By assuming that expectation 
values of physical properties (Hermitian operators) transform in the same manner as the 
corresponding classical quantities, we have been able to derive the canonical commutation 
relations and the form of the Hamiltonian. We never made use of the correspondence 
principle, but we checked the consistency of this principle with our results. 


'8 Cf. Jackson [1999], Chapter 12. 
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8.5 Exercises 
8.5.1 Rotations 


1. Let ®,(0) be the 3 x 3 matrix representing a rotation by an angle 6 about n. Show that 
Tr R; (0) = 1+2cos 6. Hint: use (8.29). 
2. Starting from (8.23), write out the matrix ®,(6) explicitly as a function of the components of 7, 


a=(a,B,y), @+P+yY=1. 


3. Explicitly verify the commutation relation [7,, T,] = iT, using the matrix forms (8.26). 
4. Show that 


(T-Ap=T-A 
and that 
e iF) — | isin O(T -A) —(1 —cos0)(T -A)?. 


Compare with (8.23). 


8.5.2 Rotations and SU(2) 


The SU(2) group is the group of 2 x 2 unitary matrices of unit determinant. 


1. Show that if U € SU(2), then U has the form 


b 
v=( sen ) lal? +|b[? =1. 
—b* a 


2. Show that in the neighborhood of the identity we can write 


U=I1-ir with r=7', 


and that 7 is expressed as a function of the Pauli matrices as 


3. We take 6 = (3°; 67)'/” and 6; = 0;, where f is a unit vector. Assuming that the 0; are finite, 


we define U; (0) as 
9\7" 
Noo N 


U; (0) _ e10G-A/2 


Show that 


Conversely, any SU(2) matrix is of this form (Exercise 3.3.6). 


246 Symmetries in quantum physics 


4. Let V be a vector of R? and V be a Hermitian matrix of zero trace: 


a (a in 2 
Vera, =, 


What is the determinant of V? Let W be the matrix [U € SU(2)] 
W=UTU *. 


Show that W has the form &- W and that W is derived from V by a rotation. Has this property 
been completely proved at this stage? 
5. We define V(@) as 


&-V(6) =U; (9) [G-V]U;'(8), V@=0)=V. 


Show that 


Show that V(0) is obtained from V by rotation by an angle @ about 7. This result establishes a 
correspondence between the matrices ®;(0) of SO(3) and the matrices U;(0) of SU(2). Is this 
a one-to-one or a two-to-one correspondence? 


8.5.3 Commutation relations between momentum and angular momentum 


This exercise gives another demonstration of the commutation relations (8.35) between 
momentum and angular momentum if we choose the vector operator V = P. Let J,(a) 
be a translation by a parallel to Oy: 


T,(a)r =7+ay. 
If (0) is a rotation by an angle @ about Ox, show that 
R (0) J,,(a) RAB) 


is a translation along an axis to be determined. From the result, derive the commutation 
relation 


[J,, P,] = ihP,. 


8.5.4 The Lie algebra of a continuous group 


Let us consider a group G whose elements g are parametrized by N coordinates 6,, a= 
1,...,.N, where g(@, =0) is the neutral element of the group. The variables 0, are 
collectively denoted 0: 6 = {0,}. If G is a Lie group, the composition law is given by an 
infinitely differentiable function /: 


9(8)2(8) = g(f(8, 9)). 
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Again, f is collective notation for the set of N functions f: f(0, 0) = {f,(0,, 0.)}. Given 
a set of unitary matrices U(@,) with the multiplication law 


U(8)U(A) = U(f(9, 9). 
the matrices U(@) then form a representation of the group J; see (8.12). 


1. Show that f,(0,0=0) = 6, and that f,(0 =0, 0) = 0,. Show that for 0, @ — 0, the function 
f,(0, 0) has the form 


die (0, oD) ca 6, + cp ate faveOp 6. f Ove’, @° 6, 00, 0), 
where we have used the convention of summation over repeated indices: 


Fave) 6. = pe Fave 6. : 


b,c 


2. In the neighborhood of U(@) = J we expand U(@) for 6 > 0: 
U(0) = 1-—i6,T, — ; 6,0.T,. + O(6)?. 
Compute the product U(@)U(@) to order (6, 6°) and show that the equation 
U(8)U(8) = UF, 8)) 
for the terms in 6,4, implies that 
{RE Ie Ney SO 
Using the symmetry of 7,,., obtain 


with C,,,. as a function of f,,.. The preceding commutation relations 


constitute the Lie algebra of the group defined by the composition law (0, @). 


==C 


acb* 


Express C 


abc be: 


8.5.5 The Thomas—Reiche—Kuhn sum rule 


Let us take a particle of mass m in a potential V(7). The Hamiltonian is 


aad 


P? s 
H=——+4+V(R). 
2m 


Let |¢,,) be a complete set of eigenvectors of H: 


H\¢,) =E,|¢n), > |@n)(Cnl = 4 


and |g.) be a bound, and therefore normalizable, state of energy Ey. We set 


(Pn |X|o) = Xn0- 
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1. Demonstrate the commutation relation 
h2 


m 


[[H, X], X]= 


2. Show that 


2m|X nol” 
Le I. 


n 


8.5.6 The center of mass and the reduced mass 


Let us take two particles of masses m, and m, moving on a line. We use X, and X, 
to denote their position operators and P, and P, to denote their momentum operators. 
The position and momentum operators of two different particles commute. We define the 
operators X and P as 


and X and P as 


1. Calculate the commutators [X, P] and [X, P] and show that 
[X, P] =[X, P] =0. 


2. Write the Hamiltonian 
Pi ks 


as a function of the operators X, P, X, P. Show that, as in classical mechanics, it is possible 
to separate the motion of the center of mass and the motion of a particle of reduced mass 
fh = m,m,/(m,+m,) about the center of mass. Generalize this to three dimensions. 

3. The following example of an entangled state was used in the original article of Einstein, Podolsky, 
and Rosen (Section 6.2.1). The wave function of two particles is written as 


W(x), X23 Py, Pr) = O(x, — xX, —L) 6(p, + pr), 


where L is a constant length. Why is it possible to write such a wave function? What is its 
physical interpretation? Measurement of x, determines x,, and measurement of p, determines p). 
Develop the analogy with the example of Section 6.3.1. 


8.5.7 The Galilean transformation 


1. Let W(a, v) be the product of a Galilean transformation of velocity v and of a one-dimensional 
translation by a, both along Ox: 


W(a, v) = exp(-i-*) exp(i ). 
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Show that 
MV, ay 


W(a,, v1) W(ap, v9) = exp(-i ) Way +ap, v, +0). 


2. Calculate 
W(a, v)W(—a, —v) 


and show that it is necessary to use projective representations for the Galilean group. 


8.6 Further reading 


Useful complementary information on symmetries in quantum physics can be found in 
Jauch [1968], Chapters 9 and 10; Ballentine [1998], Chapter 3; and Merzbacher [1970], 
Chapter 16. Chapter 2 of Weinberg [1995] also contains an excellent summary of all 
the basic concepts. The canonical commutation relations and Galilean invariance are 
discussed by Jauch [1968], Chapters 12 and 13. There are many books devoted to the use 
of group theory in quantum mechanics, one of which is M. Tinkham, Group Theory and 
Quantum Mechanics, New York: McGraw Hill (1964). 
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Wave mechanics 


In this chapter we shall study a particular realization of quantum mechanics of great 
practical importance, namely wave mechanics, used to describe the motion of one’ quan- 
tum particle in three-dimensional space R?. It is this realization which serves as the 
introduction to the fundamentals of quantum mechanics in most textbooks. It amounts to 
taking the “eigenvectors” |7) of the position operator R as the basis in H, or, in other 
words, choosing a basis in which the position operator is diagonal. In wave mechanics 
a state vector can be identified with an element ¢(7) of the Hilbert space L2(R*) of 
functions which are square-integrable in three-dimensional space R°. This state vector 
is called the wave function, and we shall see that it is identified with the probability 
amplitude (7 |g) for finding the particle in the state |g) localized at position 7. The wave 
function is normalized by the integrability condition (7.10) 


[_&rle@P = L. (9.1) 


Owing to the symmetric roles played by the position and momentum operators, it is 
also possible to use eigenvectors of P and ‘“momentum-space wave functions” ¢(p) = 
(p|¢v), which we shall see are the Fourier transforms of the g(r). After examining the 
principal properties of the wave functions, we shall study some applications: bound states, 
scattering, tunneling, and the periodic potential. These applications will first be treated in 
the simplest case of one dimension. The generalization to three dimensions will permit us 
to discuss the important notion of the density of states and its use in Fermi’s Golden Rule. 


9.1 Diagonalization of X and P and wave functions 
9.1.1 Diagonalization of X 


We wish to study the motion of a quantum particle, and for the time being we restrict this 
motion to the real line R, on which the particle moves between —oo and +o. The relevant 


' Or more; see the generalization in Section 9.9.3 and Chapter 13. 

> As we have seen in Section 7.3.1, these objects are not vectors of the Hilbert space, which we have stressed by using quotation 
marks. However, since we shall make intensive use of these “vectors” in what follows, we shall drop the quotation marks in 
order to simplify the notation. 
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physical properties are a priori the position and momentum of the particle, represented 
mathematically by the operators X and P whose properties we have established in Sec- 
tion 8.3. We shall study the eigenvectors of X starting from the canonical commutation 
relation between X and P in the form (8.40): 


exp(i") Xx exp( — i) =X-+al. (9.2) 


Let us first of all show that the spectrum of X is continuous. We take |x) to be an 
eigenvector of X 


X |x) = x|x), (9.3) 


and examine the action of X on the vector exp(—iPa/h)|x): 


x[exe(-i*) |x] 


exp( - i“ )(x +al)|x) 


(x+-a)[ exp(-i5*) Ix) }. (9.4) 


We have used the commutation relation (9.2) and the definition (9.3) of the eigenvector 
|x). The vector exp(—iPa/h)|x) is an eigenvector of X with eigenvalue (x+ a), and 
since a is arbitrary, this shows that all real values of x between —oo and +00 are 
eigenvalues of X. This also proves that the spectrum of x is continuous, and consequently 
the normalization must be written as in (7.34) using Dirac delta functions: 


(x'|x) = 6(x—2’). (9.5) 


In view of the arguments of Section 8.3.1, the result (9.4), which can be written as 


exp (-i=) = |x+a), 


is not surprising, since exp(—iPa/h) is the operator for translation by a which transforms 
the state |x) exactly localized at x into the state |x-+ a) exactly localized at (x+a): P 
is the infinitesimal generator of translations. The vector |x +a) satisfies a normalization 
condition analogous to (9.5) because the operator exp(—iPa/h) is unitary. If we wish, 
we can fix the phase of the basis vectors |x) by the condition 


Ix) = exp(-i)|r=0). (9.6) 


Let us return to the physical interpretation. What exactly does the vector |x) represent? 
According to the postulates of Chapter 4, |x) represents a state in which the position of 
the particle is known with absolute precision: the particle is localized exactly at the point 
x on the real line. However, in quantum mechanics it is impossible to realize such a state 
physically. As we shall soon see, such a state has all possible momenta between p = —co 
and p = +00 with equal probabilities. The mathematical property “|x) is not an element 
of the Hilbert space” corresponds to the physical property “|x) is not a realizable physical 
state.” Physically realizable states are always represented by “true” vectors of A, that is, 
normalizable vectors. 
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We have implicitly assumed that the eigenvalues x of X are nondegenerate. Of course, 
this is not necessarily the case; for example, the particle can have spin 1/2, in which 
case it is necessary to specify whether the particle is in a state with spin up |+) or one 
with spin down |—), and every eigenvalue of X will be doubly degenerate. Under these 
conditions, the Hilbert space of states will be the tensor product L®(R) @ H, of the 
space of position states L®)(R) and the two-dimensional space of spin states H,. A basis 
in this space might, for example, be constructed from the states |x @-+) and |x @®—) with 


(X @o,)|x@+) =+x|x@). 


Even though the use of eigenvectors that are not true elements of AC is mathematically 
questionable, it is extremely convenient and we shall do it often in what follows without 
any particular precautions. We shall also generalize the notion of a matrix element. Since 
the operator X is diagonal in the basis |x), we can write down the “matrix elements” 
of X: 


(x’|X|x) = x(x’ |x) = x 6(x—-%’), (9.7) 
and more generally those of a function F(X): 
(x'|F(X)|x) = F(x) (x'|x) = F(x) 6(x— x’). (9.8) 


The completeness relation (7.37) is written as 


i ; ae ee (9.9) 


The projector P[a, b] onto the subspace of eigenvalues of X in the interval [a, b] is 
obtained by restricting the integration over x to this interval: 


Pla, b] =| |x) dx (x]. (9.10) 


This expression generalizes that for a finite-dimensional space. If A is the subspace of a 
set of eigenvalues of a Hermitian operator A, the projector P(A) onto this subspace is 


P(A) = d/ |n){nI. 


neA 


9.1.2 Realization in L)(R) 


Now let us make the connection between the Dirac formalism which we have just made 
explicit in the basis in which X is diagonal and the realization given in Section 8.3.2 
of the operators X and P as operators acting in the space L®(R) of square-integrable 
functions on R. Let |g) be a normalized vector of H representing a physical state. Using 
the completeness relation (9.9), we can decompose |g) in the basis |x), 


Jo) = [_ |x) de (alo), (9.11) 
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where (x|y) is thus a component of |g) in the basis |x), or, in physical terms, the 
probability amplitude of finding the particle localized at point x. Let us examine the 
matrix elements of the operators X and exp(—iPa/h): 


(x|[X|e)] = (Xx|e) = x (x|¢) = x G(x), (9.12) 
(x|[exp (-i*)o)] = ale) = (x-a). (9.13) 


These equations show that (x|¢) can be identified with a function g(x) of L° (IR) such 
that the action of the operators X and P will be given by (8.44). The equation (9.12) 
then is 


[Xe] (x) = x@(x) |, (9.14) 
and (9.13) is written as 
_Pa 
[ exp (-i=)e]@ = a). (9.15) 
Expanding to first order in a, we have 
.. IP 
[ Pe] (x) = —-ih— |. (9.16) 
Ox 


We recover the action of the operators X and P as defined in Section 8.3.2. Let us check 
that the scalar product is correctly given by (7.11) using the completeness relation (9.9): 


(le) = fae (xlaixlo) = [de x*@el). (9.17) 


The function g(x — a) in (9.15) is just the function g(x) translated by +a, and not by —a. 
If, for example, g(x) has a maximum at x = xy, then g(x —a) has a maximum at x—a = Xo, 
that is, at x = x) +a (Fig. 9.1). We emphasize the fact that the choice ¢,(x) = g(x —a) 
for the translated wave function is the simplest one, but it is not unique. The function 


i6(x) 


G(x) =e (x — a) 


p(x) 


ga) 


Xo Xo+a Xx 


Fig. 9.1. Translation by a of a particle localized in the neighborhood of xp. 
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is derived from g(x — a) by a local gauge transformation (8.65). The choice g(x — a) 
is related to that of the infinitesimal translation generator, and the phase transformation 
~,(x) > g(x) will correspond to using an infinitesimal translation generator derived 
from (9.16) by the local gauge transformation 


P= e 19) i el) | 
Ox 


In summary, the physical state of a particle moving on the x axis is described by a 
normalized wave function g(x) belonging to L®(R): 


[_arle@Pr=1, (9.18) 


which is interpreted physically as the probability amplitude (x|¢) of finding the particle 
localized at the point x. The action of the position and momentum operators X and P on 
v(x) is given by (9.14) and (9.16). The squared modulus 


lea)? = Clg)? 


is called the probability for the particle to be found at a point x; it is actually a probability 
density, in this case a probability per unit length. According to (9.10), the probability 
p([a, b]) of finding the particle localized in the interval [a, b] is 


b 
P([a, b]) = (el Pla, b]l¢) =| dx |p(x)|?. (9.19) 


This probability is normalized to unity by construction since (g|g~) = 1, which is the 
same as (9.18). If we take the interval [x, x + dx] to be infinitesimal, |p(x)|?dx is the 
probability of finding the particle in this interval. 

When the particle possesses extra degrees of freedom, for example, a spin 1/2, its 
quantum state can be described using the wave functions ¢, (x): 


P(x) = (x@t+|~), G_(x) =(x@-|¢). 


We have just defined what is customarily called “wave mechanics in the x representation,” 
as we have chosen to start from the basis |x) in which the position operator is diagonal. 
Since X and P play symmetric roles, we could have just as well started from the 
basis in which P is diagonal; that is, we could have defined “wave mechanics in the p 
representation.” The following subsection is devoted to this representation and its relation 
to the x representation. 


9.1.3 Realization in L)(R) 


Let |p) be an eigenvector of P: 
P|p) = p\p). (9.20) 
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First we shall determine the corresponding wave functions 
Xp(X) = (x/P) (9.21) 
in the x representation: 
(x|[Plp)] = pClp) = Px,(») 
= if - Xi) 


We have used (9.16) to obtain the second line of the preceding equation. For any p in 
the interval [—oo, +-co], the differential equation 


ai 
—ih os, Xp(X) = PXp(*) 


has the solution 


Xp(x) = aaah @lPx/ (9.22) 


which shows that the spectrum of P is continuous, like that of x. The normalization factor 
(27rh)~'/? in (9.22) was chosen such that X,(x) is normalized to a Dirac delta function: 


Pd ae ial . (p— p')x 
| axxp x)= 5 [_dvexp[i =] =8(p—p), (9.23) 
and the completeness relation is written as 
™ *(/ I =. : p(x — x’) ! 
[ apxpdxp") = sq | a exp i=] = 6(x—x’). (9.24) 


We could equally well have started from the completeness relation in the form 


[Wap cpl =1 (9.25) 
and written 
[ _(x'[p) dp (pix) = (Ux) = 8a —¥), 


which also leads to (9.24). 

If |g) is the state vector of a particle, the “wave function in the p representation” 
will be g(p) = (p|¢v). This wave function in the p representation is just the Fourier 
transform of the wave function g(x) = (x|¢) in the x representation. Since |(x|p)|* is a 
constant, the |x) and |p) bases are complementary according to a slight generalization 
of the definition in Section 3.1.2. Using the completeness relation (9.9) as well as (9.21) 
and (9.22), we find 


#(p) = (ple) = (pls) de(sle) == [ave o(x) |, 0.26) 
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and conversely 


[ape op) |. (9.27) 


7 
aa V 27h 


The action of the operators X and P in the p representation is easily obtained: 
i sis Oe 
[X@](p) = ih ap PP) (9.28) 


[Pe](p) = pG(p). (9.29) 


An expression analogous to (9.19) holds in momentum space: the probability p([k, q]) 
for the particle to have momentum in the interval [k, q] is 


p((k. al) = f “ap (py. (9.30) 


where |@(p)|* is a probability density in momentum space. 


9.1.4 Evolution of a free wave packet 


Let us start from the Fourier representation (9.27) of the wave function g(x) of a physical 
state. The Fourier transform ¢(p), like g(x), satisfies the normalization condition 


[- oplg()P =1. (9.31) 


Such a physical state is often called a wave packet, because according to (9.27) it is a 
superposition of plane waves. The expectation values of position (X) and momentum 
(P) are calculated by inserting the completeness relations (9.9) and (9.25) twice:* 


(X) = (elXe) = f dedx’(glayixlXlx’)(x/lp) =f dxsle@P, 032) 


(P) = (g|Ple) = f dpdp'(elp<rlPle'Xp'l@) = [dp le@)P. 0.33) 


We have also used (9.7) and an analogous equation in momentum space. The dispersions 
AX and AP are given by a similar calculation: 


(AX)? = (g|(X — (X))’le) ay dx (x — (X))"|@Q)/, (9.34) 


(AP)? = (el(P=(P)?*le) =f dp(p— (PYF BODE. (9.35) 


3 The explicit notation would be (X). and (P),; we have suppressed the index ¢ to simplify the notation. 
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According to the general argument of Section 4.1.3, these dispersions satisfy the 


Heisenberg inequality: 
1 
Ax Ap => 5 h|, (9.36) 


where we have used the usual notation Ax Ap instead of AX AP. A direct demonstration 
of (9.36) is proposed in Exercise 9.7.1. 

Let us introduce a time dependence in the state vector: the state vector is |g(0)) = |¢) 
at time tf = 0 and |g(f)) at time t. The wave function g(x, f) at time f then is g(x, t) = 
(x|p(t)). To obtain |g(t)) as a function of |g(0)), we need the evolution equation (4.11) 
and also the Hamiltonian H. Until the end of this section, we shall restrict ourselves to 
the case where the potential energy is zero and the Hamiltonian reduces to the kinetic 
energy term K (8.66): 

P? 
H=K=——. (9.37) 
2m 
Since K and P commute, the eigenstates of H can be chosen among those of P: 


P\p)=p\p) H\|p)= -— IP) = — Ip) = E(p) |p), (9.38) 


and consequently 


exp[ —i ]lp) = exp[ —i Jip. (9.39) 


Then it is natural to express (x|g(t)) as a function of the components of |g(t)) in the 
basis |p): 


(xle() = (xlexp (-i=*)|o(0)) = [dp (lp) (lexp (-i=*) le) 


= a5 | a axe (ie -i APM) ap) (9.40) 


In order to eliminate the factors of h, we introduce the wave vector k = p/h and the 
frequency w(k): 


E(hk Ak? 
2 ggel = . dene 
h h 2m 
so that p(x, t) can be written as 
1 2 ; : 
(4, 1) = / _dkA(k) exp (ik - ia(k)t). (9.41) 


The qualitative behavior of |A(k)|’ and |g(x,0)|? is shown in Fig. 9.2. The function 
|A(k)|* is centered at k ~ k and has width Ak. The Heisenberg inequality (9.36) becomes 


1 
Ax Ak > 


>. (9.42) 
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JAP 


Fig. 9.2. Spread of a wave packet in k and in x. 


The limiting cases are 
e A particle of sharply defined wave vector (or momentum), which is a plane wave: 


A(k) = 8(k—k), (x,0) = elk (9.43) 


e A particle localized exactly at x = x9: 


A(k) = = e 0, p(x, 0) = 6(x — xy). (9.44) 


We recall that neither a plane wave (9.43) nor a perfectly localized state (9.44) corresponds 
to a physically realizable state. In the case (9.44) of a localized particle, the probability 
|A(k)|? of observing momentum hk is independent of k, and so the probability distribution 
cannot be normalized. Similarly, for the case (9.43) of fixed momentum we have |g(x)|? = 
const. and the probability density is uniform on the x axis, so that again the probability 
distribution cannot be normalized. According to (9.31), for a state to be physically 
realizable we must have 


i dk |A(k)|* < 0. 


Let us now study the time evolution of a wave packet. We shall use the stationary phase 
approximation to evaluate (9.41). Defining A(k) = |A(k)| exp[id@(k)], the phase 0(k) of 
the exponential in (9.41) becomes 


O(k) = kx — w(k)t+ &(k). 


We obtain the leading contribution to the integral (9.41) if the phase 6(k) is stationary in 
the region k ~ k where |A(k)| has a maximum; if 6(k) is not stationary, the exponential 
oscillates rapidly and the contribution to the integral (9.41) averages to zero. We then 


must have 
dé dw dd 


eo = 
athe ae ne aE ce 


The center of the wave packet will move according to the law 


X= 0v,(t—7), (9.45) 
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where v, is the group velocity, which is just the average velocity v of the particle: 


dw d hk? hk =D 
= Vv = = - ——— ss 9.46 
MeO ak lek dk 2miek mom vee) 
The time 7 determining the t = 0 position x) = —v,7 of the center of the wave packet is 
1d d 
pure Ge) -.cgHO) (9.47) 
Vy dk lk=k dE lk=k 


In order to obtain a more precise result, we can rewrite the phase by expanding w(k) in 
the neighborhood of k = k: 


O(k) = kx—w(k)t—(k—k)v,t — Se Spe” t+ b(k) 
2, m 


= (kt +k(x—v,t) stk -1+ t+ (k). 


We obtain a very simple form for (x, f) if it is possible to neglect the quadratic term in 
(k—k)?: 


v(x, t) = = exp[iw(k)1] / dkA(K) explik(x — v,1)] 


7 
= exp[iw(k)t]o(x — vf, 0): (9.48) 


This equation shows that aside from the phase factor exp[iw(k)t], the wave function at 
time ¢ is obtained from that at time f = 0 by the substitution x > x — v,f, that is, if 
v, > 0 the wave packet propagates without deformation in the direction of positive x 
with velocity v,. However, this result is only approximate since we have neglected the 
quadratic term in (k —k)?. This term gives a contribution to the phase 


1 exist 
—=(k—k)*—t 
3 | ra 


which must remain < 1 in the domain where |A(k)| is sizable if we want to remain 
within the linear approximation. The contribution of this term can be neglected if 


l =< ht 
—(k—kr— <1 
2, m 


in a region of extent Ak about k. For the deformation of the wave packet to be small, we 


must have 
2m 2mh 

i —— = 9.49 
make ~ (py oi 
If this condition is not satisfied, the wave packet is deformed and broadens, with its center 

continuing to move at speed v,. This phenomenon is called wave-packet spreading. 
Let us conclude this section by showing how the Heisenberg inequality (9.36) can be 
used as a heuristic tool to estimate the energy of the ground state of the hydrogen atom 
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(see Section 1.5.2). If the electron describes a circular orbit of radius r with momentum 
p=mv, its classical energy will be 
2 2 
a eae ay (9.50) 
2m sr 
In classical physics, the orbital radius of the electron tends to zero (it is said that the 
“electron falls into the nucleus”) with the emission of electromagnetic radiation. In fact, 
in classical physics the energy of a circular orbit E = —e”/(2r) is not bounded below 
and nothing prevents the orbit radius from becoming arbitrarily small. The decrease in 
the energy of the orbit is compensated for by the emission of energy in the form of 
electromagnetic radiation, which ensures energy conservation. However, in an orbit of 
radius r the spread Ax of the position on the x axis is of order r, which makes the 
momentum spread at least ~ h/Ax = h/r. We find rp ~ h, and the expression for the 


energy (9.50) becomes 


Let us seek the minimum of E: 


ane ee ings age 8 
dr mr Pr 
so that a minimum occurs at 
h2 
r=a=—>, (9.51) 
me 


which is just the Bohr radius (1.34) of the hydrogen atom. Naturally, the fact that we 
obtain exactly dy in this order-of-magnitude calculation is a happy coincidence. It leads 
to the ground-state energy (1.35): 


p= (9.52) 


While this calculation can give only the order of magnitude, the accompanying physics 
explains the deep reason for the stability of the atom: owing to the Heisenberg inequalities, 
the electron cannot exist in an orbit of very small radius without acquiring a large 
momentum, which makes its kinetic energy high. The energy of the ground state is 
obtained by finding the best possible compromise between the kinetic and potential energy 
so as to obtain the minimum total energy. 


9.2 The Schrédinger equation 
9.2.1 The Hamiltonian of the Schrédinger equation 
We have seen in Section 8.4.1 that the most general time-independent Hamiltonian 
compatible with Galilean invariance in dimension d = | is given by (8.68): 
P2 
H = —+V(X), (9.53) 


2m 
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where K = P?/2m is the kinetic energy operator and V(X) is the potential energy operator, 
or briefly the potential. We also recall the evolution equation (4.11): 


. d|p(t)) 
ih as 


We multiply both sides of this equation on the left by the bra (x| taking (9.53) as the 
Hamiltonian: 


= H|g(t)). (9.54) 


a: 0 
ine (x|g(t)) = ih (x, t), 


(sIP*19() = (Pe\(n) =(=ine.) oC.) =, 


(x|ViX)|e()) = Vireo, 1), 


where we have used (9.8) and (9.16). We thus obtain the time-dependent Schrédinger 
equation: 


dp(x,t) ie (x, 1) 


i Ve : 
ih e a ae + V(x)g(x, t) |, (9.55) 


which is a wave equation for the wave function (x, f). 
Since the potential V(X) is independent of time, we know that there exist stationary 
solutions of (9.54): 
at 
|p(1)) = exp (-i = 
Multiplying on the left by the bra (x|, the equation H|y) = E|y) becomes the time- 
independent Schrédinger equation: 


Jle)), Ale) = Ele). (9.56) 


2m ax? 


| La + v0] g(x) = Eg(x) |}. (9.57) 


Equation (9.55) can be generalized in two ways. While remaining compatible with 
Galilean invariance, it is possible to add a time dependence to the potential: V(x) > 
V(x, t). It is also possible to use velocity-dependent potentials, for example to approximate 
relativistic effects. In this case the Galilean invariance is lost, and moreover ambiguities 
may be introduced when it is necessary to choose the ordering of a product of position 
and momentum operators. 


9.2.2 The probability density and the probability current density 


With the probability density | g(x, r)|? we can associate a current density j(x, t) by analogy 
with hydrodynamics or electrodynamics. Let us recall the example of hydrodynamics to 
see how this works. Let p(7, t) be the mass density of a compressible fluid of total mass M 
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flowing with local velocity v(7, t).4 The current density (or simply current) 7(7, f) is 
defined as 


JF, t) = pF, 1) v(F, 0). (9.58) 


We consider a surface S surrounding the volume VY, which contains a mass M(V) of fluid 
(Fig. 9.3). The mass dM(V)/dt of fluid leaving V per unit time is equal to the flux of 
current through S: 
dM(V ee > 

\ = fj-a8= [0-9 dr, 

dt 8 v 
where we have used Green’s theorem. This fluid mass is also equal to minus the time 
derivative of the integral of the density over V: 


dMV) dry. 3. Op(7, t) 
=—-—/d ,t)=-— | d&r——. 
dt ah rps!) i! . Ot 


The two expressions for dM(V)/dt must be equal for any volume V, which implies that 
the integrands must be equal. This leads to the continuity equation: 


Si xe 
= +¥-j=0 (9.59) 


In electrodynamics p is the charge density and 7 is the current density, which also satisfy a 
continuity equation of the type (9.59) expressing the local conservation of electric charge. 
Returning to dimension d = 1, 


Bp og. (9.60) 


In quantum mechanics we expect to find a continuity equation of the type (9.59), or (9.60) 
in one dimension. If 


b 
[ axie@.op 


a 


is the probability of finding the particle at time f¢ in the interval [a, b], this probability will 
in general depend on the time. If, for example, this probability decreases, this indicates 


dS 


Fig. 9.3. Current and flux leaving a volume VY. 


4 We temporarily revert to the dimension d = 3. 
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that the probability of finding the particle in the union of the two intervals [—oo, a] and 
[b, +00] must increase, because for any ¢ the integral 


[ ele@.oP 


is constant and equal to unity. Similarly, the integral of the fluid density over all space 
remains constant and equal to the total mass M, whereas in electrodynamics the integral 
of the charge density over all space remains constant and equal to the total charge Q. 
The analog of the density in quantum mechanics is p(x, t) = 
a probability density and not an actual density. We shall seek a current j(x, ft) satisfy- 
ing (9.60); this also will be a probability current and not an actual current. The form 
of this current is suggested by the following argument. In hydrodynamics, the average 
velocity (v(t)) of a fluid (or the velocity of the center of mass) is given by 


>. however, this is 


(v(t) = a if p(x, t)u(x, t)dx = = / i(x, dx. (9.61) 


In quantum mechanics, the velocity operator according to (8.61) is 
=> [H, X] = 


and its expectation value is 


h dep (x, t) 23 
(0 = ((0|—|00) = f arora ne 
where we have used (9.9) and (9.16). The integrand in this fae is in general complex 
and is not suitable for the current density. Integration by parts allows us to construct a 


current which is a real function of x: 


(K@0 = ~ f ax(¢ *(x, ese 0 — 9x, ) LEY 2). (9.62) 


Comparison of (9.61) for M = 1 with (9.62) suggests the following form for the current 
Pas 


dg* (x, t) 
Ox 


? _ o(x,1) 


(9.63) 


In order to familiarize ourselves with this rather unintuitive expression, let us examine 
the case of a plane wave: 


g(x) = AeiPx/h 


The density is p(x) = |A|*. The current becomes 


h i 7 
its) =Re(F aren [2] semi) = yap (9.64) 
im h m 
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and is interpreted as current = density x velocity. The current points to the right if p > 0 
and to the left if p < 0. When the wave function is independent of time, as in the case of 
a plane wave, the current is necessarily independent of x since 0p/0t = 0 => dj/dx = 0. 
We still need to check that the current (9.63) is actually the current that satisfies the 
continuity equation (9.60). On the one hand 
dj hl op @#&¢* 
ax 2im ax 


axe” ax? ~ i [e"(He) — e(H¢)"], 


where we have used 
h vo i 
— it ~_f(q— 
aim ax? — MY 


and the fact that V is a real function of x and ft. On the other hand 


) : p@ dar 1 
—_ Jt —_ ieee exepeas * H _ H * ; 
55 |Plx =e va ae? = Lert ¢) —(He)¢"] 
which shows that 
0 0 
—|¢(x, + —j(x, 1) =0. (9.65) 
ot Ox 


9.3 Solution of the time-independent Schrédinger equation 
9.3.1 Generalities 


The sections 9.3 to 9.5 will be devoted to finding the solutions of the time-independent 
Schrédinger equation (9.57), that is, the eigenvalues E and the corresponding eigen- 
functions g(x). We start with the simplest case where the potential V(x) = 0. The 
equation (9.57) becomes 
0? 2mE 
(a + ) (x) =0. (9.66) 


The general solution of this equation is a combination of plane waves with p= /2mE > 0, 
g(x) = Ael?*/" + Be trx/h (9.67) 


propagating toward the positive x direction with amplitude A and the negative x direction 
with amplitude B. Since the solution (9.67) is independent of time, it generates a stationary 
current,” which according to (9.64) consists of a term |A|*p/m pointing to positive x and 
a term —|B|*p/m pointing to negative x. To the time-independent solutions exp(tipx/h) 
there correspond time-dependent solutions of (9.55), namely, exp[i(+px — E(p)t)/h], 
which are traveling waves propagating in the positive or negative x direction. The traveling 
waves exp[i(+px — E(p)t)/h] can be combined to form wave packets propagating in 
the positive x direction, and we say that these wave packets originate from a source of 
particles at x = —oo. From the traveling waves exp[i(—px — E(p)t)/h] we can construct 


> An example of a stationary current is the d.c. electric current. 
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V(x) 


Fig. 9.4. A potential well. 


wave packets propagating in the negative x direction, corresponding to a source of 
particles at x = +00. 

Let us consider the case V(x) 4 0 and, to be specific, assume that V(x) has the form 
in Fig. 9.4, that of a “potential well” with V(x) — 0 if x — +too. In classical mechanics, 
from the discussion of Section 1.5.1, this potential has bound states if EF < 0 and scattering 
states if E > 0. For E < 0 the classical particle remains confined in a finite range of the x 
axis, and for E > 0 it travels to infinity. The range of the x axis allowed for the classical 
particle is that for which E > V(x) and the momentum p(x) is real: 


p(x) =+/2m(E — V(x)), (9.68) 
while the region E < V(x) where the momentum is imaginary, 


p(x) = +i/2m(V(x) — E), (9.69) 


is forbidden. We shall see that this classical behavior is reflected in the quantum behavior: 
the form of the solutions of (9.57) will differ depending on whether p(x) is real or 
imaginary. For g(x) to be an acceptable solution, it is not sufficient that it formally 
satisfies (9.57); p(x) must also be normalizable: 


[ dx |o(x)|? < 0. 


It is this condition which we shall use to obtain the bound states. However, it is too 
strong for the scattering states. We have seen that for V(x) = 0 the solutions of (9.57) are 
non-normalizable plane waves. For x — +oo we expect the solutions of (9.57) to have 
plane-wave behavior because the potential vanishes at infinity. For the scattering states 
E > 0 of the potential in Fig. 9.4 we shall demand only plane-wave behavior at infinity: 
one should not require more from the solution in the presence of the potential than in its 
absence! 


9.3.2 Reflection and transmission by a potential step 


In the rest of this section we shall be interested in the case where the potential is 
piecewise-constant, that is, V(x) is constant in some range and then jumps abruptly to 
another constant value at certain points (Fig. 9.5). This type of potential represents a good 
approximation of an actual potential in certain cases and can be used to approximate 
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V(x) 


Fig. 9.5. A piecewise-constant potential. 


a potential which varies continuously in other cases (Fig. 9.6). Since the potential has 
discontinuities, it is necessary to examine the behavior of the wave function in the 
neighborhood of one. We shall show that the wave function g(x) and its derivative g’(x) 
are continuous if the potential has a finite discontinuity V) at the point x = x, (Fig 9.7). 
Since |g(x)|? must be integrable at x9, |g(x)| must be also. It will be convenient to rewrite 
the time-independent Schrédinger equation (9.57) as 


(a + mee) p(x) =0. (9.70) 


We can find the behavior of g’(x) in the neighborhood of the discontinuity using 


@' (x) +2) @'(%—2) = | 


Xe Ox? Xy—-€ 


yet OP ae -E) 


p(x). 


The second integral is well defined because g(x) is integrable. This integral must tend 
to zero with €, which shows that g’(x) and a fortiori g(x) are continuous as long as the 
discontinuity V, is finite. 

Instead of writing down the continuity equations for g(x) and g’(x), it is often con- 
venient to write them down for g(x) and its logarithmic derivative g’(x)/g(x). An 
immediate consequence of these conditions is that the current j(x) is equal to the same 


V(x) 


Fig. 9.6. Approximation of a potential by a sequence of steps. 
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Fig. 9.7. A discontinuity in the potential. 


constant on both sides of x. As an application of these continuity conditions, we take 
the case of a “‘step potential” (Fig. 9.8): 


regionI: Vix) =0 for x <0, 
region II: Vix)=V, for x>0. 


To be specific we first choose 0 < E < V,. If we define k and k as 


[2mE [2m(Vo — E) 
k — he ‘5 k= a (9.71) 


the solutions of (9.70) are written in regions I and II as 


I: g(x) = Ae + Be, (9.72) 
Is oy) = Ce ++-De™, (9.73) 


If V(x) remains equal to V for all x > 0, the behavior (9.73) of the wave function remains 
unchanged for any x > 0. It is then necessary that D = 0, because otherwise the function 
|\(x)|? behaves as exp(2«Kx) for x > oo. Behavior of constant modulus like that of a 


V(x) 


Fig. 9.8. A step potential. 
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plane wave is acceptable, but behavior this divergent is not. Under these conditions, the 
continuity of ¢ and its logarithmic derivative at x = 0 is written as 


: ik(A—B 
e:C=A+B, Fite 
Qg A+B 


The coefficients A and B are a priori defined up to a multiplicative constant since we 
have not made any hypotheses about the region x > 0. We can arbitrarily set A = 1, and 
then the solution for the other two coefficients becomes 

kK +ik 2ik 


B=- , C= - —, 9.74 
K—ik K—ik ( ) 


Since C 4 0, we see that the region x > 0, in which the particle momentum is imaginary 
(see (9.69)), is not strictly forbidden to the quantum particle. From these expressions we 
can derive the limiting case of V, — oo, which corresponds to a barrier insurmountable 
by a classical particle no matter what its energy — that is an infinite potential barrier. 
Equation (9.71) then shows that k — oo and (9.74) that B + —1 and C —> 0. The wave 
function vanishes in region II and remains continuous at the point x = 0. However, its 
derivative g’(x) is discontinuous at this point. 

Let us now discuss the physical interpretation of these results. We assume that at 
xX = —oo we have a source of particles of unit amplitude: A = 1. The corresponding 
incident wave will be partly reflected and partly transmitted by the potential step. If 
we take as above the case 0 < E < Vy, we expect that the quantum particle will be 
reflected with 100% probability, since the corresponding classical particle cannot cross 
the potential step. On the other hand, in the case E > V, we can show that the solution of 
the quantum problem corresponds to partial reflection and partial transmission, whereas 
a classical particle is 100% transmitted. Let us compare these two cases. 


The potential step: total reflection 

We have as above E < V). The wave functions in regions I and II are 

I: g(x) =e"+Be™, 

Higa ce™. 
The values of B and C are given by (9.74). We note that |B] = 1, and so B is a phase 
factor, B = exp(—id). This shows that the reflected wave 

Beoik® = evike-id 

has intensity equal to that of the incident wave, so that there is total reflection at the 
potential discontinuity. A classical particle arriving at the potential discontinuity will also 


be reflected. However, the quantum motion presents two important differences compared 
to the classical motion. 


e The probability density is nonzero in region II, which is strictly inaccessible to the classical par- 
ticle: the depth of penetration into the classically forbidden region is € = 1/x. This phenomenon 
parallels that of an evanescent wave in optics. 
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e If we construct an incident wave packet, the particle will be reflected with a delay 7 given 
by (9.47): 
dd 


T= —h—, 
dE 


whereas the reflection of the classical particle is instantaneous. 


The potential step: reflection and transmission 


Now we turn to the case E > V,, assuming as before that the particles are incident from 
the left and arrive at the potential step, so that in region II the particles can travel only to 
the right:° there is no source of particles at x = +00, only at x = —oo. We define 


, |2m(E — Vo) 
k= ———— 
h2 


The wave functions in regions I and II are now 
I: g(x) =e” + Be™, 
I: p(x) = Ce, 


The continuity conditions are 


ik(i—B 
fee 3 
1+B 
so that 
k—k’ 2k 
k+k’ k+k’ 


A classical particle will always cross the potential step (and in the process lose kinetic 
energy), but in quantum mechanics there exists a reflection probability |B|? 4 0, so that 
|B|? = R is the reflection coefficient and T = 1 — R is the transmission coefficient: 


R= kokY P=i-go— (9.76) 
kth]  (k+k)2" ) 

It is important to note that T 4 |C|’. In fact, it is not the probability density which must 

be conserved, but the particle current (or flux). In Fig. 9.9 the particle flux entering the 

hatched area must be equal to the flux leaving it, or 


hk _ hk hk! 
a wel Yael (9.77) 


which is satisfied for the values (9.75) of B and C. The transmission coefficient is not 
|C|?, but 


k' 
T=—|C/. 
Z| | 


© As we have already emphasized, to be completely rigorous it is necessary to construct wave packets from superpositions of 
plane waves in order to have a truly time-dependent problem describing the motion of a quantum particle. 
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Fig. 9.9. Conservation of the current in crossing a potential step. 


It takes into account the change of velocity in crossing the potential step: v’/v = k’/k. 
The loss of kinetic energy is of course the same as in classical mechanics. 


9.3.3 The bound states of the square well 


As the first example of bound states, let us study those of the infinite square well 
(Fig. 9.10): 


The potential barriers at x = 0 and x = a are infinite: a classical particle is confined to the 
region 0 < x <a for any energy. According to the preceding discussion, the wave function 
of a quantum particle vanishes outside the range [0, a] and so the quantum particle is 
also strictly confined to the interval [0, a]; its probability density is zero outside the range 
[0, a]. Since the wave function vanishes at x = 0, the solutions of (9.70) have the form 


; 2mE 
g(x) = Asin(kx), k=,/ me 


and they must also vanish at x = a. The values of k then are 


a m(n+1) 


k=k 


n 


n=0, 1,2,3,... (9.78) 


V(x) 


(a) (b) 


Fig. 9.10. The infinite square well and the wave functions of its first two levels. 
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We see that the energy takes discrete values labeled by a positive integer n:’ 


ke Of 


2 
SSS (=) (nebly,. w2I0, 1 2.x |: (9.79) 


In other words, we have just shown that the energy levels of the infinite well are quantized, 
and this is the first example in which we have explicitly demonstrated this quantization. 
The correctly normalized wave function corresponding to the level E,, is 


~, (x) = ie sin mer (9.80) 


It is easy to check that two wave functions ¢,,(x) and @,,(x) are orthogonal for n 4 m. 
The values k,, and —k, correspond to the same physical state, because the substitution 
k,, — —k,, leads to a simple change of sign of the wave function, and a minus sign is a 
phase factor. This is why we have not included negative values of n in (9.78). We also 
note that the wave function ¢,,(x) vanishes n times in the interval [0, a]: it is said that 
the wave function has n nodes in this interval. The number of nodes gives a classification 
of the levels according to increasing energy: the higher the energy, the more nodes there 
are in the wave function. This is a general result when the potential V(x) is sufficiently 
regular, which we always assume is the case: if E,, is the energy of the nth level, the 
corresponding wave function will have n nodes. The ground state wave function E, does 
not vanish. Another remark is that the Heisenberg inequality can be used to find the order 
of magnitude of the ground-state energy. It gives p ~ h/x ~ h/a, from which we find 


in agreement with (9.79) for n = 0 up to a factor of 7”. In contrast to the case of the 
hydrogen atom, the heuristic result differs from the exact result by a factor of ~ 10. This 
originates in the strong variation of the potential at x = 0 and x =a which makes the 
wave function vanish abruptly, resulting in a large kinetic energy. The expectation value 
of the kinetic energy in the state ¢ is 


d° p(x) 
dx2 ” 


(K), = (elklg) =-3— f dre") 


and it is larger the larger the second derivative of p(x). 
Let us now find the energy levels of the finite square well (Fig. 9.11): 


V(x) =0, | See 2 
V(x) =—-V, |x| < a/2. 


7 Our convention is that n = 0 corresponds to the ground state, so as to conform with the usual convention: in general, the 
ground-state energy is denoted Eo. 
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—al2 O al2 


Fig. 9.11. The finite square well. 


We seek the bound states, and so we must choose the energy to lie in the range [—Vo, O]. 
We define k and k as 


| 2mE [2m(V) + E) 5, AVG 
 —— _— he 5 k= a: Tae O<k < i F (9.81) 


The potential V(x) is invariant under the parity operation IT: x — —x, as V(x) is an even 
function of x, V(—x) = V(x), and so the Hamiltonian is also parity-invariant: H(—x) = 
H(x). Following the discussion of Section 8.3.3, we can seek the eigenvectors |g.) of H 
which are even or odd under the parity operation: 


II|e.) = +|¢,). 


In terms of the wave function, if (x|@,) = g(x), then 


G(—x) = (x),  G_(—x) = —¢_(2) 
where we have used II|x) = | — x): 
(x[IT].) = (—21¢4) = G4(—%) 
= £(x|¢.) = t¢4(x). 


The solutions of the Schrédinger equation (9.57) split up into even and odd ones. In the 
following display we give these solutions for region I where x < —a/2, region Il where 
|x| < a/2, and region III where x > a/2. The middle column gives the wave functions of 
the even solutions, and the right-hand column gives the wave functions of the odd ones: 


I: Ae“! aie 
II: Bcos(kx) B’ sin(kx) 
Il: Ae“ Ae, 
The continuity conditions on g’/g at the point x = a/2 give 
k = ktan(ka/2) for even solutions, (9.82) 


k =—kcot(ka/2) for odd solutions. (9.83) 
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Fig. 9.12. Graphical solution for the bound states of the finite square well, located at points where 
the curves tanka/2 (solid line) and — cot ka/2 (dotted line) intersect the curve /U — k*/k, with 


The graphical solution of these equations is shown in Fig. 9.12. We see that the number 
of bound states is finite, and there always exists at least one. 


9.4 Potential scattering 
9.4.1 The transmission matrix 


Now that we have studied bound states, let us turn to scattering states. We shall study the 
behavior of a particle when it passes over a square well (Fig. 9.11) or a square barrier 
(Fig. 9.13) using explicit expressions based on the continuity of the wave function and 
its derivative at a discontinuity of the potential. In the course of our discussion, we shall 
also be able to derive results which are general as they are independent of the shape of 


Fig. 9.13. Behavior of the real part of the wave function in the presence of the tunnel effect. 
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the potential. Let us start with the square well of Fig. 9.11. In Section 9.3.3 we found its 
bound states E < 0, and now we are interested in the scattering states E > 0. Defining 


[2mE ,  |2m(Vo+ £) 
k= a = a (9.84) 


the wave functions in the three regions become 


lax = -5, p(x) = Ae + Be™, (9.85) 
a a ik’x ~ik’x 
Ls “Fae: p(x) =Ce"*+De"", (9.86) 
I: x> = g(x) = Fe + Ge, (9.87) 
Let us first study the passage from region I to region II, that is, the point x = —a/2. 


Since the Schrédinger equation is linear, A and B are linearly related to C and D, which 


we can write in matrix form:® 
A 
(*)=(5). 0.88 


where R is a 2 x 2 matrix. The properties of R can be determined without explicitly writing 
down the continuity conditions. A first observation is that if p(x) is a time-independent 
solution of the Schrédinger equation (9.70), then the complex conjugate y*(x) is also a 
solution of this equation because the potential V(x) is real. This property is related to the 
invariance under time reversal; see Section 9.4.3 and Appendix A. The function g*(x) in 
regions I and II is 


I: o*(x) = A’e" + Bte™, (9.89) 
IL: p*(x) = Cre ** + Dée®™, (9.90) 


Comparing the coefficients of exp(tikx) and exp(+ik’x) with those of (9.85) and (9.86), 


from (9.88) we find that 
B* D* 
—R ; 
(i) =#(c) 


Ri, = Ry, Rip = R)). 


or 


We can then write the matrix R as a function of two complex numbers @ and PB: 
k’ a £B 
R=,/— ; S91 
ee) ion 


8 One can also observe that the continuity conditions linearly relate (A, B) to (C, D). 
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The reason for the introduction of the a priori arbitrary factor ./k’/k will become apparent 
shortly. The current conservation in regions I and II is expressed as (cf. (9.77)) 


k(|A|? —|B|*) = k'(|C|? — |DI’). 


Let us calculate the current in region I, writing A and B as functions of C and D: 
k’ 
k(|A|?—|BP’) =k rs (laC + BD)? —|B*C +.a*D|’) 


= K (|al?— |e) (IC?—IDP), 


which implies that |a|? — |B|? = 1: the matrix /k/k’R has unit determinant. We see 
why the coefficient ./k’/k in (9.91) is of interest: owing to the variation of the velocity 
between regions I and II, it is the matrix ./k/k’ R which possesses the simplest properties. 

Let us now return to the explicit calculation of the continuity conditions in order to 
find the parameters a@ and 6 of the matrix R. It is convenient to choose C = | and D=0, 
which corresponds to the situation where there is no source of particles at x = +00 (see 
Footnote 6). The continuity conditions then become 


en ik/a/2 A @-ika/2 + Beka? 
Keni 4/2 — EA en ikal2 _ EB eikal2 


Multiplying the first equation by k’ and then adding and subtracting the two equations, 
we immediately obtain A and B: 


s — kt+K eilkK-K)a/2 


a= VE4= se (9.92) 
k k-k oy 
B _ 2 B* = WT eilktk )a/2 (9.93) 


These values of a and B satisfy |a|? — |B|? = 1. The continuity equations for x = a/2 are 
obtained by the substitutions a > —a and k = k’. The matrix R satisfying 


is written as 


p_./E(% B 
k! B* ae 
with 
a= Las eilk-K)a/2 Q, 
2V kk’ 
QR k—k -i a * 
B=- e EE )a/2 == Q*, 


2V kk’ 
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The transmission matrix M for regions I and III relates the coefficients A and B to the 


coefficients F and G: 
A ~ (F F 
B D G G 


and so we have M = RR. The arguments used above immediately give two properties 
of M. 


(i) Since y*(x) is a solution of (9.57) (invariance under time reversal), we find relations identical 
to those for R: 


M,, = M)), M, = M3). 


(ii) Current conservation implies that det M = 1. There is no factor ./k’/k because the velocity is 
the same in regions I and III. 


The general form of M is therefore 


y 6 2 2 
M= ; — |d|* =1. 95 
(2 3.). wr-ta (9.95) 
This expression for M is independent of the form of the potential provided that the latter 
vanishes sufficiently rapidly for x — -too; for example, it is valid for the potential of 
Fig. 9.4. Let us explicitly calculate M for the potential well of Fig. 9.11 using the results 
obtained for the matrices R and R: 


elka 7 a 
Wo =y= 2: fQ2> k kb’ Vek e k—k’)yei*2 
1=—yra ae Late ( ye ] 
2 ki? 
= ela e kai a sin Ka| ; (9.96) 
p2 k2 
M,, =6 = -—afB*+a*B=i ran sin k’a. (9.97) 
It is instructive to check, using (9.95), that the expressions (9.96) and (9.97) satisfy 


ly? — [82 = 1. 

There is a general property of M which we have not yet used. When the potential is 
parity-invariant, V(x) = V(—x), the parity operation x — —x exchanges regions I and III. 
If g(x) is the initial solution and x(x) = g(—x), we have 


I: y(x) = Fe“ +Ge™, 
I: y(x) = Ae"™* + Bel**, 


and the relation between the various coefficients is now 
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QeeG)(4e ae) 


We have used det M = 1. Comparing with (9.94), we find that M is an antisymmetric 
matrix, M,, = —M,,, which together with Mj, = M,, implies that 6 is purely imaginary, 
6 =in, with 7 real. This property is satisfied by (9.97). The general form of M for an 
even potential [ V(x) = V(—x)] then is 


or 


y 419 2 2 
M= : ‘ —7n =1, 9.98 
( ate ) lyn (9.98) 


with y complex and 7 real. 
All of these results can be used to calculate the reflection and transmission coefficients 
for the potential well of Fig. 9.11 and to understand their behavior. We shall return to 


this subject in Exercise 9.7.8. Now we go directly to the case of a potential barrier, which 
will lead to discussion of the tunnel effect. 


9.4.2 The tunnel effect 


Let us consider the potential barrier of Fig. 9.13: 
V(x) =Vo, |x| < 
V(x)=0, |x| >=, (9.99) 


for energy E < V, (the case E > V, is solved immediately using the results of the preceding 
subsection). The quantity k’ then is purely imaginary: 


is 2m(V) — E) 
k' =ik, 2 (9.100) 
and the wave function in region II, |x| < a/2, is 
(x) = Ce + De™. (9.101) 


The element M,, of the transmission matrix is obtained without calculation by replacing 
k’ by ik in (9.96); this gives, for example, 


sink’a = — (e“—e**) > — (e “4 —e*) =isinhka 
Zt 21 

and similarly cos k’a — coshka. The result for M,, then is 

2 2 


2Kk 


M,, =e" cosh Ka+i~ sinh Kal (9.102) 
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We assume that the particle source is located at x = —oo and we adopt the normalization 
A = 1. Since there is no particle source at x = +00, we must have G = 0, which gives 


(3) =™(0)= (arr) 


F= . (9.103) 
coshka+1 


or F=1/M,,: 


sinh ka 


2kk 


This leads to an important physical result, namely, the transmission coefficient T = |F|?: 


(9.104) 


where we have defined q? = k? +k” = 2mV,/h?. The essential point is that T 40. Whereas 
region III is inaccessible to a classical particle incident from x = —oo with an energy 
E < Vj, a quantum particle has a nonzero probability of passing through the potential 
barrier. This is called the tunnel effect. The origin of this effect is easy to understand: the 
wave function does not vanish in the region |x| < a/2 and it can be matched to a plane 
wave in the region x > a/2 (Fig. 9.13). 
An approximate expression for T can be obtained in the commonly encountered case 
ka> |: 
22 
T~ — enka. (9.105) 


The dominant factor in this equation is the exponential exp(—2xa). It is possible to 
derive heuristically a widely used approximation for a potential barrier of any shape 
when EF < Max V(x). Approximating the barrier as a sequence of steps of length Ax as 
in Fig. 9.6, we can calculate the transmission factor in the range [x;, x; + Ax]: 


Te) Se OS k= ee) 


and for the total transmission factor we find 


T ~[Je *O)* = exp (20: y x) 


L 


We recognize this as a Riemann sum, and in the limit Ax — 0 


T ~ exp (-2" , a ss] (9.106) 
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The points x, and x, are defined by V(x,) = V(x,) = E. The demonstration we have just 
given is not rigorous, because the treatment of the turning points x, and x, is actually 
rather delicate. An important observation is that the exponential dependence in (9.106) 
makes the transmission coefficient T extremely sensitive to the height of the barrier and 
the value of the energy. 

The tunnel effect has numerous applications in quantum physics. Here we shall consider 
only two, a-radioactivity and tunneling microscopy. Alpha-radioactivity is the decay of 
a heavy nucleus with the emission of an a-particle, that is, a *He nucleus. Using Z and 
N to denote the numbers of protons and neutrons in the initial nucleus (A = Z + N) (in 
general, Z X 80), the nuclear a-decay reaction can be written as 


(Z, N) > (Z—2, N—2)+ ‘He. (9.107) 
An example is the decay of polonium into lead: 
*34Po 745 Pb +5He + 7.8 MeV. (9.108) 


In an approximate theory of a radioactivity, it is assumed that the a-particle pre-exists 
inside the initial nucleus and for simplicity the problem is assumed to be one-dimensional. 
If R= 1.2 x A’? ~7fm is the nuclear radius, the a-particle will be subjected to the 
nuclear potential and the repulsive Coulomb potential between the *He nucleus of charge 
2 (in units of the proton charge) and the final nucleus of charge (Z — 2) assuming that 
the charge distribution is spherically symmetric. If r is the distance between the helium 
nucleus and the final nucleus, for r > R we will have 


2 
Veout (1) = sai 

r 
When r < R the attractive nuclear forces dominate the Coulomb forces and the latter 
can be neglected. The result is the potential shown schematically in Fig. 9.14. It has a 
potential barrier which would prevent the a-particle from leaving the nucleus if its motion 


were governed by classical physics. It is the tunnel effect that allows the a-particle to 


Fig. 9.14. Potential barrier of «-radioactivity. 
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leave the nucleus. This argument can be used to obtain a theoretical estimate of the 
lifetime of the initial nucleus, but the approximations we have made are crude and the 
tunnel effect is very sensitive to the details. While the underlying physics is undoubtedly 
correct, we cannot expect to obtain results in quantitative agreement with experiment. The 
reverse of radioactive decay is the fusion reaction; an example is the reaction mentioned 
in Section 1.1.2: 


7H +°H >*He+n+ 17.6 MeV, 


which also involves the tunnel effect and is studied in Exercise 12.5.1. 

A very important application of the tunnel effect is scanning tunneling microscopy 
(STM). In such a microscope a very fine tip is moved over the surface of the conducting 
sample very close to it (Fig. 9.15). Owing to the tunnel effect, electrons can pass from the 
tip to the sample, thus producing a macroscopic current that depends very sensitively on 
the distance between the tip and the sample (the dependence (9.105) is exponential). This 
allows a very precise mapping of the surface of the sample with a resolution of about 
0.01 nm. An extension of this technique can be used to manipulate atoms and molecules 
deposited on a substrate (Fig. 9.16). 


9.4.3 The S matrix 


In Chapter 12 we shall study the theory of scattering in three-dimensional space. We shall 
see that an important tool in this theory is the S matrix, which we introduce here in the 
simplest case of one dimension. We assume a potential of arbitrary shape which vanishes 
in the region |x| > L.° Particle sources at x = —oo and x = +00 generate plane waves 


| tunneling 


crystal 


Fig. 9.15. The principle of the scanning tunneling microscope (STM). A fine tip is moved near the 
surface of a crystal and the distance is adjusted such that the current is constant. This gives a map 
of the electron distribution on the surface. 


° We can generalize to the case of a potential which vanishes sufficiently rapidly for x > too. 
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Fig. 9.16. Deposition of atoms by scanning tunneling microscopy. Iron atoms (peaks) are deposited 
in a circle on a copper substrate and form resonant electron states (waves) on the copper surface. 
Copyright: IBM. 


exp(ikx) and exp(—ikx) in the regions x < —L and x > L, respectively; we call these 
the incoming waves. These incoming waves can be reflected or transmitted, resulting in 
outgoing waves exp(—ikx) in the region x < —L and exp(ikx) in the region x > L. By 
definition, the S matrix relates the coefficients B and F of the outgoing waves to the 
coefficients A and G of the incoming waves (cf. (9.85) and (9.87)): 


(7) = s(6) = ( 2 ) (¢). (9.109) 


The S matrix can be expressed as a function of M. However, before deriving the expres- 
sions for going from M to S, it is instructive to repeat the arguments that led us to the 
general properties of M. 


(i) Current conservation: 
|A)’ — |B? = |F? — |G? => |A? + |G? = |B] +| FP. 


This equation shows that the norm of S is conserved and so S is unitary.'® 
(ii) y*(x) is a solution of the Schrédinger equation, so that 


(<.)=s(r) = Ge) -"(6)- 


'0 This argument is valid only for finite dimension: we have proved only that S is an isometry, which is sufficient to make it 
a unitary operator in finite dimension. It turns out that S is unitary also in infinite dimension, but the proof of this requires 
additional arguments. 
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from which we find 


S= CS) = (S*)" = (S*)* = ST. 


The S matrix is symmetric: $,, = S,,. The operation of complex conjugation exchanges the 
incoming and outgoing waves, which corresponds to time reversal. The symmetry property 


Si = S,, is therefore related to invariance under time reversal. 


Now let us relate S and M in the form (9.95) by calculating the coefficient B: 


B => S,,A+S).G = S, (yF +6G)+5S,,G 
= Si YF +(S,,6+5).)G. 
We identify 


6* 
(a) Syy=O, Sy=—; 
Y 


| 
(b) Sjp>+S,,6=y*, Spy =y*—-S b= > 


1 oe | 
s=7 (4 a) 


If the potential is even V(x) = V(—x), 6 =in with 7 real and S becomes 


s=-( 7" ). 
yD Say 


To write S in the most transparent form possible, we set 


or 


: 1 
y=lyle"*, ey eee) 


ly| ly| 


The S matrix becomes 


cos@ isiné 
S = —ie'? 
= (., cos 6 ) 


(9.110) 


(9.111) 


(9.112) 


However, we cannot have 9 = 0, as this would correspond to |y| — oo. On the other 


hand, it is possible to have 6 = +77/2 if n= 0. 


An interesting aspect of the S matrix is that it can be used to relate scattering to bound 
states and, more generally, to resonances (Exercise 12.5.4). Taking a potential well of 
arbitrary shape (but such that V(x) = 0 outside some finite range in order to simplify 
the discussion), we choose E < 0 with k = —ik given by (9.81). The wave functions in 


regions I and III are 
I: g(x) = Ae“ +Be™, 
Ill: p(x) = Fe ™+Ge™. 
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We must have A = G = 0 in order for g(x) to be normalizable. Using the relation (9.109), 
if we want to have (B, F) 40, S must have a pole!! at k = ix. This property is general 
and can be verified for the square well of Fig. 9.11. According to (9.96), 


ki’? = K2 
y(ik) =e ““| cosk’'a— err sink'a}. 


Since S$ contains an overall factor of 1/y (cf. (9.111)), y must vanish for a bound state. 
Setting v = tan(k’a/2), the equation y = 0 is equivalent to 


Kk'v" + u(k? — Kk?) — Kk’ =0, 


whose solutions are v = k/k’ and v = —k’/k, that is, precisely the relations (9.82) 
and (9.83) found directly for the finite square well. 


9.5 The periodic potential 
9.5.1 The Bloch theorem 


As a final example of the one-dimensional Schrédinger equation, let us take the case of 
a periodic potential of spatial period /: 


V(x) = Wx +l). (9.113) 


The results that we shall obtain are of great importance in solid-state physics, as an 
electron in a crystal is subjected to a periodic potential due to its interactions with the ions 
of the crystal lattice. That case is, of course, three-dimensional, but the results obtained for 
one dimension generalize to three. The periodicity of the potential leads to the existence 
of energy bands which, in combination with the Pauli principle, form the basis of our 
understanding of electrical conductivity. If the potential has the form (9.113), the problem 
is invariant under any translation x — x+/, and according to the Wigner theorem there 
exists a unitary operator 7, acting in the Hilbert space of states, here the space of wave 
functions L® (IR), such that 


(Tex) =e), Ti =T;". (9.114) 


We recall that the function obtained from g(x) by translation by / is g(x —/). Since 
the operator 7; is unitary, its eigenvalues ¢, have unit modulus and can be written as a 
function of a parameter q as 


t,(q) =e". (9.115) 
The parameter g is defined up to an integer multiple of 27/1; if 


27p 


Ba hen (9.116) 


q>qg=qt 


'l Or, more generally, a singularity, but it can be shown that bound states and resonances correspond to poles. 
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the value of f, is unchanged. Since 7, commutes with the Hamiltonian owing to the 
periodicity (9.113) of the potential, 7, and H can be diagonalized simultaneously. Let 
~, (x) be the common eigenfunctions of T, and H: 


—igl 


T,¢,(x) = t)(q)P,(x) =e 9, (x), 
Hg,(x) = E,¢,(x). (9.117) 
The first of these equations shows that 


—igl 


g,(x—l) =e" @, (x), 


and we derive the Bloch theorem,'* which states that the stationary states in a periodic 
potential (9.113) have the form 


Pyl(x) =O Ug(X), Uy (X) = Uyg(x +1), (9.118) 


where u,,(x) is a periodic function with period /. The index s is needed because several 


possible solutions correspond to each value of g; we shall see below that s labels the 
energy bands. It is easy to write down the differential equation satisfied by u,,(x). Since 
P = —ihd/dx, we have 


Pei? = hq ee. 
Po, (x) =e (P+ hq)us,(x), 
Pp, (x) = el (P+ hq) usg(x), 
from which 


Pe Rqad hR¢ 
ja al +H) Usg(X) = Eye! Ugg (X), 


2m dx? = m dx 2m 


Hg,(x) = ele 
or, dividing by exp(iqgx), 


eee oe 


ae a ae oe + ve) Usg(X) = Esgllsq(X). (9.119) 


The wave function in a periodic potential is obtained by solving (9.119) in, for example, 
the range [0,/] with the boundary condition u,,(0) =u,,(/). The quantity hg has the 
dimensions of momentum and is in some ways analogous to a momentum. However, it 
is not a true momentum, because according to (9.116) g is not unique; hq is therefore 
called a quasi-momentum. Finally, we note that if the potential is even, V(x) = V(—x), 
then (9.119) is unchanged under the simultaneous transformations x > —x, g > —q; 
u, (x) is therefore a solution of (9.119) with the same value of the energy, E,, = E,,- 
and all levels are doubly degenerate. 


q? 


'2 This theorem is also known as the Floquet theorem in the case of periodicity in time. 
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9.5.2 Energy bands 


Let us now examine the properties of the solutions of the Schrédinger equation (9.119) 
for the periodic potential of Fig. 9.17. Here V(x) is a series of potential barriers and V(x) 
is nonzero in intervals centered on x = pl, p=..., —2, —1,0, 1,2... and vanishes in the 
intervals'? 


1 1 
(0-5) i-arsxs(p-3)i+ax (9.120) 


In the intervals where V(x) vanishes a solution g(x) of the Schrédinger equation is a 
superposition of plane waves with wave vector +k, k = (2mE/h’)'/*. To the left of the 
nth barrier and in the interval (9.120) for p =n, g(x) is written as 


p(x) = Ae i Res 
and to the right of this barrier, in the interval (9.120) with p=n+1, 
p(x) — Ane ke Bae. 


The coefficients (A,, B,,) are related to the coefficients (A,,,;, B,,,) as in (9.94) by the 
transmission matrix M (9.95) corresponding to a barrier V(x): 


Ay, = Y 6 Ans (9 121) 
B, 3° ¥ Bist , 
However, using the Bloch theorem (9.118) we find 
p(x+l) =e (x), 


so that 


ikl ,ikx —ikl ,—ikx __ ,igl ikx —ikx 
Angee +E gee Se" (Ae" FB.e 


f(A el A A A 
eit (Or) (© At |) pl) = paw-(**). (9.122) 
B,, om Bisyt Biss B, 


Here D is a diagonal matrix with elements D,, = exp(ikl), Dj, = exp( —ik/) and 


or 


7 *eikl — __§ ikl 
DM'= ( Ee enikl yy @nikl 3 (9.123) 
V(x) 
-l 0 l 21 xy 


Fig. 9.17. A periodic potential of period / in one dimension. 


'3 Tn fact, it is not necessary to assume this vanishing to obtain the following results, but it simplifies the discussion. 
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Equation (9.122) implies that (A,, B,,) is an eigenvector of the matrix M = DM~! with 
eigenvalue exp(igl), which has unit modulus. The eigenvalues A of the matrix M are 
given by (det M = 1) 


\? —2ARe (y*el"’) +1 =0, 
and setting x = Re[y* exp(ik/)] the eigenvalues A, become 


A,=xtvx?-1, |x| >1, 
A, Sabi 1 —2,. lz. 


The case |x| > 1 is excluded because the roots cannot have unit modulus as their product 
is equal to unity and they are real. However, the two complex roots have unit modulus 
for |x| < 1; they are nondegenerate if |x| < 1 and degenerate if |x| = 1. 

To study the energy eigenvalues we could use the example of the rectangular barrier 
V(x) (9.99) of Fig. 9.13. In order to simplify the calculations as much as possible, we shall 
study a limiting case of (9.99) where the barrier becomes a delta function. Our results 
can be qualitatively generalized to any periodic potential. The periodic potential (9.113) 
then is 


loo) 


Vaya > 8 5x— Ip). (9.124) 


p= 


The delta-function potential is obtained by taking the limit a — 0 of the barrier (9.99) 
while keeping the product V,a constant: 


h2 
Voa => as a 
2m 


The arbitrary factor h?/2m is chosen so as to simplify the expressions which follow. 
Taking V, > E, we find that x (9.100) has the limit 


= 2mV, g 
K>,/—>-— =,/7—> 
h a 


K? — k? kK J/g/a 
> 


2xk ye ee 


which gives 


while y = M,, in (9.102) becomes (see also Exercise 9.7.7) 


ee re Mart ganitic. (9.125) 
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We then find 
x = Re(y*e’) = coskl+ = sinkl, 


and the eigenvalue equation is written as 
x =cosgl =coski+ = sin kl. (9.126) 


It should be noted that q is not fixed uniquely by (9.126), as q’ = q+2zap/I with integer 
p also satisfies (9.126). This equation shows that certain ranges of k, and therefore certain 
energy ranges owing to E = h?k?/2m, are excluded because the right-hand side of (9.126) 
can have modulus greater than unity. These ranges are called forbidden bands. Let us 
demonstrate this explicitly in the region k ~ 0. We set y= k/ and 


l 
f(y) = cos y+ & sin y. 
2y 


Since f(0) = 1+ gl/2, we see that the range 0 < y < y or 0<k < ky is forbidden. 
Assuming that g/ < | in order to make an analytic estimate, we find 


Yp Zl or ky~ V g/l. 
Other forbidden bands exist; in fact, if 
y=ntt+e, |el<l, 


then 
gl 


FON = 1450 2, 


and we see that there is a forbidden region where | f(y)| > 1 for 0 < e < 1. These remarks 
allow us to qualitatively sketch the curve f(y) in Fig. 9.18. We adopt the convention 
where EF is a function of q (recalling that hg is the quasi-momentum), which gives 
Fig. 9.19, in which the allowed bands labeled by s are displayed. Using (9.116), q can 
be restricted to the range [0,27//], or, equivalently, the range [—7/I, 7//], which is 
called the first Brillouin zone. In certain regions E can be expressed simply as a function 
of q. For example, let us examine the region k ~ ky. Since cos ql = | for k = ko, (9.126) 
becomes, taking f(ko/) = 1, 


! ; 
=5 PPX (k—ko)If (ky). 
This allows us to estimate (E — E,): 


Rh Wk (k—k 

E-E,;= — (k? —k) = Fh) 
m m 

or 

Rk) , 4 


o- 5 3 ee 
°~ Imif'(koD| 2 2m* 4 


(9.127) 
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Fig. 9.18. Solutions of (9.126). 


a pee 


3q/l 2n/l Tl O ail 2n/l q O q 


iia 
en a 


(a) (b) 


Fig. 9.19. ms nds. (a) q varies without restrictions; (b) q is limited to the first Brillouin zone 
The hatched regions correspon ae ee rbidden bands. 


In the neighborhood of k = ky the behavior of the energy is that of a particle of effective 
mass m”*: 
‘(Kol 
m= mI fio) (9.128) 
lk 
This effective mass plays an important role in the theory of electrical conductivity. To a 
first approximation the effect of the crystal lattice amounts to a simple change of the mass. 
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9.6 Wave mechanics in dimension d = 3 
9.6.1 Generalities 


Let R and P be the position and momentum operators in three-dimensional space with 
components X j and P i J =X, Ys z.'4 We recall the canonical commutation relations (8.45): 


The components of R and P commute if J #k. We can then construct the space of states 
as the tensor product of the spaces LY)(R), LO (R), and L°(R): 


LO (R’) = L©(R) @ L®(R) @ LO (R). (9.130) 
In this space the X component of R will be the operator 


X@L,@l.. 


If ¢,(x) is an orthonormal basis of L® (IR), we can construct a basis @,),,(x, y, Zz) of 
Ee (IR?) by taking the products'® 


Prim(Xs Ys Z) = Pn(X) Om (Y) )(z)- (9.131) 


The construction of the space of states and the orthonormal basis is strictly parallel to that 
of the space of states of two spins 1/2. In Section 6.2.3 we observed that the most general 
state vector of the space of states of two spins 1/2 is not in general a tensor product 
|p, ® p>) of two state vectors of the individual spins. Similarly, a function w(x, y, z) of 
L?’(R3) is not in general a product —(x)x(y)n(z), but w(x, y, z) can be decomposed on 
the basis (9.131): 


W(x, ys z) = >» Cuml Pn (X) Pm (y)¢,(z), (B.132) 
nym, 
cum = | Pros), O)e1)UC ¥. 2). (9.133) 


We can immediately write down the three-dimensional generalization of the equations in 
Section 9.1. We shall just give a few examples, leaving it to the reader to derive the other 
expressions. 
e The eigenstates |7) of R (cf. (9.3)): 

R|7) =7|F). (9.134) 


e The completeness relation (cf. (9.9)): 


[ergs (9.135) 


'4 The components of R will also be denoted as (X, Y, Z) and those of 7 will be denoted as (x, y, z). 
IS To simplify the notation, we have taken the same basis functions in the (x, y, z) spaces, but we could of course have chosen 
three different bases. 
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e The probability amplitude g(7) for finding a particle in the state |g) at the point 7, that is, the 
wave function of the particle: 


g(r) = (rI¢). (9.136) 


e The probability density: |g(7)|*d°r is the probability of finding the particle in the volume d*r 
about the point 7. 
e The action of the operators R and P on (F) [cf. (9.14) and (9.16)]: 


(Re) =7e@), (Pe)@) =-ihVe( |. (9.137) 


e The Fourier transform (cf. (9.26)): 


~(> ! =) ip? 
OP) = Goya | Pre@e Drm | (9.138) 


The factor (27h)~'/? for each space dimension should be noted. 


In Section 8.4.2 we determined the general form of the Hamiltonian in dimension d = 3. 
In the rest of this section we assume that A is a gradient: A= VA(?). Physically, this 
means that there is no magnetic field; the case of nonzero magnetic field will be studied 
in Section 11.3. The Hamiltonian (8.74) is simply 


po 
H=—+4+V(R). (9.139) 
2m 


The time-independent Schrédinger equation'® generalizing (9.57) to three dimensions is 


(- P+V@) o@) = £60 |. (9.140) 


The generalization of the probability current (9.63) is 


i(F, t) =Re E g* (7, )Vo(F, | ; (9.141) 
m 


which satisfies the continuity equation (Exercise 9.7.10) 


dle(7, Ol 


= +V-7(7, 1) =0. (9.142) 


'© We leave to the reader the task of writing down the time-dependent Schrédinger equation that generalizes (9.55) to three 
dimensions. 
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9.6.2 The phase space and level density 


In many problems it is necessary to know how to count the number of energy levels in 
a certain region of space (7, p); this space is called the phase space. Let us return to 
the infinite well of Section 9.3.3 and use L, to denote the width of the well. The energy 
levels are labeled by a positive integer n, and we shall consider the case where n > 1 
and L, is large. Then the energy levels (9.79) are very closely spaced and the sums over 
n can be replaced by integrals. Let us take a wave vector (9.78) with k, = m(n+1)/L,. 
We shall calculate the number of energy levels in a range of k: [k,,, k, + Ak]. According 


no''n 


to (9.78) for a > L,, the number of levels An (1 < An <n) in the range [k, k+ Ak] is 


is 
An = — Ak. (9.143) 
T 


Instead of vanishing boundary conditions for the wave function at the points x = 0 and 
x = L,, itis often more convenient to choose periodic boundary conditions, p(0) = o(L,.), 
leading to the wave functions!” 


| eer 
= —e", k,=—., = cay 2 wig Os 1 2ices5 9.144 
On(8) = =p (9.144) 
and therefore 
dE. 
An= — Ak. (9.145) 
27 
At first sight (9.145) differs from (9.143) by a factor of 1/2.'* However, we have already 
observed that for the wave functions (9.78) the values k, and —k, correspond to the 
same physical state because the substitution k, — —k,, leads to a simple change of 
sign of the wave function. By contrast, the substitution k, — —k, in (9.144) leads to 
a different physical state; thus the division by two in (9.145) is compensated for by 
doubling the number of possible values of k,,. Periodic and vanishing boundary conditions 
are equivalent for counting the energy levels (see also Footnote 19). 
Let us now turn to the infinite square well in dimension d = 3. The wave functions 
vanish outside the ranges where V(x) = 0, i.e., outside 


Vere L. CSS L, Vere T,. (9.146) 
The wave functions inside the well take the form 


8 _ (mn,t)x\ . (TMay+Dy\ . (a(n,+1)z 
»J> = — sin | —— _] sin | ——__ } Sin | ————_— 
Plngsmy.m:] pane LL is L L L, 


Bye x y 


(9.147) 


'7 This choice of wave function is sometimes called “quantization in a box.” It makes it possible to avoid working with 
plane waves of the continuum, since the “plane waves” of (9.144) are normalizable. However, the Fourier integrals of the 
continuum case then are replaced by Fourier sums, making the calculations more cumbersome. 

'8 Since n > 1, no distinction is made between n and (n +1). 
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with (n,,n,,n,) =0,1,2,.... The corresponding energies are 


Wa? ((n,+1)  (n,+1)?  (n, +1)? 
2m EB L2 Li 


E(n,,ny,n,) = (9.148) 


When L, = L, =L, = L, these eigenvalues are in general degenerate (Exercise 9.7.9). 
Let us count the levels in three dimensions. It will be convenient to use periodic boundary 
conditions: 


P(x, yz) =9(X+L,, y+L,,z+L,). (9.149) 


Let AX be the volume element Ak, Ak,Ak, of k space such that the tip of the wave 


vector k lies in AK. The (x, y, Z) components of this vector lie in the ranges 


[Keke t Ak, |s [ks ky PAR.» [bes'ke+ AK. |. 


y? 


The number of energy levels in AX is found by generalizing (9.145): 


be a L. Lilley 
An = | — } Ak, | — ]} Ak, | — | Ak, = ———AX. (9.150) 
27 27 *\ 27 < (Qa) 


Taking AX to be infinitesimal, AX = d°k, we define the level density (or density of 
states) D(k) in k space as follows: D(k)d°k is the number of levels in the volume d°k 
centered on k. According to (9.150), 


» v 
D(k)dk = any dk |, (9.151) 


where V = L,L,L, is the volume of the box with sides (L,, L,, L,).!? Using p = hk, for 
the level density” in p space we find 


(9.152) 


This is a very often used result. Now let us find the level density per unit energy.”! Since 
D(p) depends only on p= |p|, we have 


4nV , Vv 


= = 2 


'9 ‘This result is also valid for a box which is not a parallelepiped. The correction terms are powers of (kL)~!, where L is 
the typical scale of the box. The first correction represents a surface term. The difference between periodic and vanishing 
boundary conditions, which is a surface effect, is also included by this type of correction. Such corrections are negligible in 
a sufficiently large box. 

To be rigorous we should use different notation for the various level densities; however, we use the same letter D everywhere 
so as to reduce the amount of notation. 

When vanishing boundary conditions on_ the wave function are used, a factor of 1/8 is introduced in (9.151) to take into 
account the fact that the components of k are positive. The final result will in any case be the same, because of the factor 
of 1/2 difference between (9.143) and (9.145): (1/2)? = 1/8. 


iS) 
S 


N 
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The level density per unit energy D(E) is 


V ,dp Vv 
—_ = —— 
ee? dE 22h 


Vm 


The number of levels in [E, E+dE] is D(E)dE. It is also possible to calculate D(E£) 
starting from ®(£), which is the number of energy levels below E: D(E) = ®’(E) (Exer- 
cise 9.7.11). The quantity D/V is the level density per unit volume and is independent 
of the volume. 

Noting that V = f,, d’r, from (9.152) we find that the number of levels in d’rd’p is 


D(E) = 


Pp 


or 


_ drd’p _ &rd’p 


Ge oR (9.155) 


where d’rd’p is an infinitesimal volume in phase space (7, p). Equation (9.155) can be 
interpreted as follows: h> is the volume of an elementary cell in phase space, and one 
can assign one energy level to each elementary cell. The Heisenberg inequality explains 
this: if a particle is confined within a range Ax, its momentum satisfies p ~ h/Ax, and 
then (9.155) can be expressed more pictorially as follows. Whereas a classical particle 
whose state is defined by its position 7 and its momentum p occupies a point (7, p) in 
phase space, a quantum particle must occupy at least a volume ~ h’. 

The results (9.153) or (9.154) are very important in quantum statistical mechanics: the 
probability that a system in thermal equilibrium has energy E (see (1.12) and Footnote 16 
of Chapter 1) is 


p(E) =N D(E)e**, 


where WV is a normalization constant fixed by 


[ cep) =1. 


9.6.3 The Fermi Golden Rule 


The concept of level density will be used in the proof of one of the most important 
formulas of quantum physics, the Fermi Golden Rule, which allows us to calculate the 
probabilities of transition to scattering states. These are also called continuum states 
because they belong to the continuous spectrum of the Hamiltonian, which in the present 
case is H®) (9.156). Let us consider a physical system governed by a time-dependent 
Hamiltonian H(t): 


H(t) =H +W(a), (9.156) 
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where H) is time-independent and has known spectrum with eigenvalues E,, and eigen- 
vectors |n): 


H®|n) = E,|n). (9.157) 
We wish to solve the following problem. At time ¢ = 0 the system is in the initial state 
\W#(0)) = |i), an eigenstate of H with energy E,, and we want to calculate the probability 


p;,;(¢) of finding it at time ¢ in the eigenstate |f) of H () with energy E y- For this we 
must find the state vector |y(t)) of the system at time t, because 


Pi.() =F) with [y(t = 0)) = |i). (9.158) 


We have already encountered this problem in a simple case. In Chapter 5 we calculated 
the probability of transition from one level to another for an ammonia molecule in an 
oscillating electromagnetic field. The Hamiltonian (9.156) generalizes (5.52), with H© 
being the analog of (5.43). We follow the method of Section 5.3.2 adapted to any number 
of levels. Generalizing (5.53), we decompose the state vector |s(t)) on the basis |/) of 
eigenstates of H: 


W(t) = do e(t) |). (9.159) 
1 


Multiplying (9.159) on the left by the bra (n|H®, we obtain 
(n|H |W(t)) = (nH) (b(D) = AP (0) 
l 


1 


= E, (nlp(t)) = ¢,(QEn- (9.160) 


The system of differential equations obeyed by the coefficients c,(t) is, according 
to (4.13), 


iné,(0) =O (Hy? + W,u(0)) (0. (9.161) 
i 


Still following the method of Section 5.3.2, we eliminate the trivial dependence on f, the 
factor exp(—iE,,t/h) in c,,(f) arising from the time evolution due to H), by setting 
Cae y(n); (9.162) 
which transforms (9.161) into 
iny, (the "+ Ec, (t) = AD e/(1) + Wy (0) vy, (te, 
I I 
Using (9.160), this equation simplifies to become 


: E,-E 
iny,(t) = W,,e'°" y(t), Oy = ———. (9.163) 
I 


h 


The system of differential equations (9.163) generalizes (5.55). The equations are exact, 
but they are not solvable analytically, except in special cases, and approximations must 
be made. We shall use the method called time-dependent perturbation theory. It is 
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convenient to introduce a real parameter A, 0 < A < 1, multiplying the perturbation W. 
Then W > AW, which allows the strength of the perturbation to be varied by hand.” 
Perturbation theory amounts to obtaining an approximate solution of the Schrddinger 
equation in the form of a series in powers of A and taking A = 1 at the end of the 
calculation. In what follows we shall limit ourselves to first order in A.7? At time t = 0 
the system is assumed to be in the state |/): 


Yn (0) = 8 nis 
and we write 
Ya(t) = 6,5 + Yh (0). 


When 1 is sufficiently small, |y‘')(t)| « 1 because the system does not have time to 
evolve appreciably. Upon introduction of the parameter A, (9.163) becomes 


ings (But 14010) = DAW [Bi "CO J" 


We observe that yt? (t) is of order A, and that the term 5°, AW,,,(t) y(t) will therefore 
be of order A”. This term is negligible to first order in A, and taking A = | we find 


ny? (t) ~ W,,(t) eben’. (9.164) 
An important special case is that of an oscillating potential: 
W(t) = Ae t+ Atel, (9.165) 


where A is an operator. It is this type of potential that describes, for example, the 
interaction of an atom with an oscillating electromagnetic field: 


E(t) =Epe "+ Eel”. 


If as in Chapter 5 we are interested in a transition i > f to a well-defined final level | f), 
the probability amplitude (f|y(t)) is given up to a phase by y,(t) ~ yy (2), which is the 
solution of the differential equation (9.164), 


inYE? (1) = Ape He OO! + As ellotoo, (9.166) 


with @) = @;; = (E; — E;)/h. This differential equation can be integrated immediately 
because the coefficients A ,; = (f|A|i) are independent of time: 


1 ei(@—ep)t —] el(otao)t —] 
Sy |, ee 


yo (=> [ay (9.167) 


h if 


This probability amplitude will be important if w ~ +a , that is, as in Chapter 5, at 
resonance. For @ ~ w,) we have 


W— Wy W+ Wo 


E,~E;+ho, 


22 Tf the perturbation is due to an interaction with an external field, it can be varied by varying the field. 
3 The complexity of the expressions grows rapidly with increasing powers of A. 
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and the system absorbs an energy hw. If we consider the situation of interaction with an 
electromagnetic wave, the system absorbs a photon of energy hw. In the case w ~ —w, 


Ee= E, — ho, 


and the system gives up an energy hw, for example, by emitting a photon of energy hw. 
To clarify these ideas let us study the first case. The transition probability p,_, -(t) will be 


1 
Pin = 17 OP = = Ag? PA — 093 1), (9.168) 
where the function f was defined in (5.63): 


sin’ [(@ — )t/2] elt 


omar ee (9.169) 


f(@— a9; 1) = 


We recover the results of Section 5.3.3 in a more general case. Within our approximations, 
a necessary condition for (9.168) to be valid is that p;_, -(t) < 1. 

However, it is in general impossible to isolate a transition to any particular final state 
f, and so we are usually interested in a transition to a set of final states close in energy: 


ee Se vee 
f 


The summation over f is equivalent to integration over energy if we include the level 
density D(E): 


Y s [ se D(E). 


For example, if the final state corresponds to that of a free particle and if |A,|* is 
isotropic, the level density will be given by (9.154). If |A fl? is not isotropic but depends, 
for example, on the direction of the momentum p of the final particle, we will use 


Vm dQ, 


D(E) = ——~ (2mE)!”” — 
(6) ames | me) An’ 


where = (6, ¢) defines the direction of p. Using (9.168) and (9.169), we obtain a 
transition probability per unit time T 


sin’[(w — wo)t/2] 
[(w — wo) t/2)° 


~ ; [ AE \Ag? D(E) 27 SLE - (E, + ho)], 


1 
r= [ae lAgP D(e)t 
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Performing the integration, we obtain the Fermi Golden Rule with energy absorption: 


2 


P= |Apl DE;), E,=E,+ho |. (9.170) 


This equation holds also in the case of energy emission if we take E, = E; — hw, and for 
a constant potential V(t) if E, = E; (Exercise 9.7.12). The calculation is valid under the 
following conditions. 


e The probability of finding the system in the initial state (7) must be close to unity, or 
> Pi .() K 1 or, in terms of T;, ;, (S15) t<i, 
f#t f#i 


which implies that ¢ must be sufficiently short: t < 7. 
e In the integral over energy EF the quantity f(w—(E-—E;)/h;t) may be replaced by a delta 
function: 


E; 27 27 
h ; ) > / dw g(E) ae 6(E — hay) = ry g(E,). 


foes (© ~ 


If AE, is the characteristic range of variation of g(E) = |A |? D(E), 7, =h/AE, must be small 
compared to f: t > 7. 


In summary, ¢ must lie in the range T; < t < T,. When the condition t < T, is not satisfied, 
it is sometimes possible to use the resonance approximation to reduce the problem to one 
of two levels, for which an exact solution exists (Exercise 9.7.12). 

An important application of the Fermi Golden Rule is to the decay of an unstable 
state i (an excited state of an atom or a nucleus, an unstable particle, and so on) to a 
continuum of states f. The perturbation is then time-independent and E, ~ E; in (9.170). 
For sufficiently short times the probability of finding the system in the initial unstable 


state i (survival probability) is 
Tt 


p(t) =1-Itxe"', t<m, (9.171) 


and it is tempting to identify I’ as the inverse of the lifetime 7: [ = h/t. The calculation 
we have just done does not permit us to make this identification, because it is not a 
priori valid for any t. However, the exponential decay law (9.171) can be generalized to 
long times using a method due to Wigner and Weisskopf described in Appendix C. This 
method shows that the spread AE of the energy E; of the final states is AE = h/t = hAL’/2. 


9.7 Exercises 
9.7.1 The Heisenberg inequalities 


1. Let g(x) be a square-integrable function normalized to unity and /(@) the non-negative quantity: 


for) dg |2 
Ka) = [ dx|xg(x) +a > 0, 
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with @ a real number. Integrating by parts, show that 
I(a) = (X*) —a+a*(K*), 
where K = —id/dx and 
(x)= [dex le@P, (K)= - [arora 8. 
Derive the expression 
(X2) (K?) > 2. 


2. How should the argument of the preceding question be modified to obtain the Heisenberg 
inequality 


Apes 4 9 
2 


Show that Ax Ak = 1/2 implies that g(x) is a Gaussian: 


1 
p(x) «exp (-; o ) ; 


9.7.2 Wave-packet spreading 


1. Show that [P?, X] = —2ih P. 
2. Let (X*)(t) be the mean square position in the state |g(t)): 


(X°)(t) = (e()|X*|9(0)). 


Show that 

eee 1 

— (X*)(t) = — (PX + XP) 

dt m 
ih ® dg* IP 
— [ dxx}@ —g*—|. 
M Jo Ox Ox 


Are these results valid if the potential V(x) 4 0? 
3. Show that if the particle is free (V(x) = 0), then 


d 2 
— (X’\(t) = 7 (P*) = 2u? = const. 
m 


dr? 
4. Use these results to derive 
d(X?) 
dt t=0 


(X*)() =(X*)(t=0) + Eot+vjpr, &= 
as well as the expression for (Ax(t))?: 
(Ax(t))? = (Ax(t = 0))* + [& — 2u9(X) (¢ = 0) + (Yj — 19)? 


with vg = (P/m) =const. 
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9.7.3 A Gaussian wave packet 
1. We assume that the function A(k) in (9.41) is a Gaussian: 


1 (k—k)* 
A(k) = (102)'4 exp - Fe 3 


Show that 


1 
A(k)|(*dk=1, Ak=—~o, 
[\Aoo) F 


and that the wave function g(x, t = 0) is 
g/2 = 1 54 
o(s,1=0) = 25, exp] is 5 0 | 


Sketch the curve of |p(x, t = 0)|*. What is the width of this curve? Identify the dispersion Ax 
and show that Ax Ak = 1/2. 
2. Calculate g(x, t). Show that if ha?t/m « 1 we have 


4 


ihk hk 
v(x, t) =exp —. 


1 
—— if —v,t,0), = 
= ) «0 Ugh 0), Uy = 


3. Calculate g(x, t) exactly: 


te = | 
g(x, t) = (<=) a’ exp Es +ia®t——o"@~ ut? | 
10 2 


with 


and find |g(x, t)|?. Show that 


1 hott? 
Ax?(t) = 92 (1 + ae ) 5 


4. A neutron leaves a nuclear reactor with a wavelength of 0.1 nm. We assume that the wave 


Interpret this result physically. 


function at t = 0 is a Gaussian wave packet of width Ax = 1 nm. How long does it take for the 
width to double? What distance does the neutron travel during this time? 


9.7.4 Heuristic estimates using the Heisenberg inequality 


1. If the electron emitted in neutron B decay 
n—>pt+e +», 


were initially confined inside the neutron with radius of about 0.8fm, what would its kinetic 
energy be? What conclusion can be drawn? 
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2. A quantum particle of mass m moves on the x axis in the harmonic potential 


1 
V(x) = mex’. 


Use the Heisenberg inequality to estimate the energy of its ground state. 


9.7.5 The Lennard-Jones potential for helium 


1. The potential energy of two atoms separated by a distance r is often well represented by the 


Lennard—Jones potential: 
12 6 
wr=e[(2)"-2(8))] 
r r 


where € and o are parameters with the dimensions of energy and length, respectively. Calculate 
the position 7p of the potential minimum and sketch V(r) qualitatively. Show that near r = rp 


2 
— 1 
VG) = | 36(" ) |- —mw*(r—1)° + Vp. 
1 2 


2. In the case of helium, ¢ ~ 10-*eV and ry ~ 0.3nm. Calculate the vibration frequency w and 
the energy hw/2 of the ground state. Why does helium remain a liquid even if the temperature 
T — 0? Does the reasoning hold for the two isotopes *He and *He? 

3. For hydrogen, e ~ 4 eV. Why does hydrogen become a solid at low temperature? What about 
the rare gases (argon, neon, etc.)? 


9.7.6 Reflection delay 


1. The equation (9.74) gives the coefficient B of the reflected wave when an incident wave exp(ikx) 
of energy E = h?k?/2m < V, arrives at a potential step, where V, is the step height. Show that 
|B| = 1 and B can be written as B = exp(—id¢). Find @ and d¢@/dE. 

2. We assume that the incident wave is a wave packet of the type (9.41), 


y(x, t) = [> = A(k)explikx—io(k)f] 


What will the reflected wave packet be? Show that the reflection occurs with a delay 


9.7.7 A delta-function potential 
We consider a one-dimensional potential of the form 


V(x) = ms d(x), 


where m is the mass of the particle subject to the potential. This potential sometimes can 
be used as a convenient approximation. For example, it can represent a potential barrier 
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of width a and height V, in the limit a — 0 and V, — o with Voa constant and equal to 
h? g/2m. In the case of a barrier (a repulsive potential) g > 0, but we can also model a 
well (an attractive potential), in which case g < 0. 


1. Show that g has the dimensions of an inverse length. 
2. The function g(x) obeys the Schrédinger equation 


2mE 


de 


2 
+400) = 


Show that the derivative of g(x) satisfies the following equation near x = 0: 
¢'(0")— 90) =8 (0), 9(0") = lim, ee). 


Assuming g < 0, show that there exists one and only one bound state. Determine its energy and 
the corresponding wave function. Show that we recover these results by taking the limit of a 
square well with Vya > h?|g|/2m and a > 0. 

3. Model of a diatomic molecule. Assuming always that g <0, we can very crudely model the 
potential felt by an electron of a diatomic molecule as 


V(x) = = [dur+0) 48(x— |. 


The nuclear axis is taken as the x axis, and the two nuclei are located at x = —/ and x = +/. 
Show that the solutions of the Schrddinger equation can be classified as even and odd. If the 
wave function is even, show that there exists a single bound state given by 


Is| =F 2m|E| 
a ee eS ao 


Draw a qualitative sketch of its wave function. 


If the wave function is odd, find the equation giving the energy of the bound state: 
lg| —~2el 
k= —(l-e™). 
= (le!) 


Is there always a bound state? If not, what condition must be obeyed for there to be one? 
Qualitatively sketch the wave function when there is a bound state. 

4. The double well and the tunnel effect. Let us consider the preceding question assuming that 
kl > 1. Show that the two bound states form a two-level system whose Hamiltonian is 


—A Eo s 


and relate A to SF , where 7 is the transmission coefficient due to tunneling between the two 
wells. 

5. The potential barrier. Now we are interested in the case g > 0, which models a potential barrier. 
Directly calculate the transmission matrix and show that it is the limit of that in the case of a 
square barrier if Vj)a > g and a — 0. Give the expression for the transmission coefficient. 
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6. A periodic potential. An electron moves in a one-dimensional crystal in a periodic potential of 
period / modeled as 


co 


Vo=:5— PE 5(x— nb) 


n=—oo 


For convenience we take g > 0. Show that the periodicity of the potential implies that the 
wave function, labeled by q, has the form 


p,(x—1) =e", (x). 


Hint: examine the action of the operator 7, which translates by /. It is therefore possible 
to limit ourselves to study of the range [—//2,//2]. Outside the point x = 0 the wave 
functions are complex exponentials: 


<x<0: 9,(x)= Ai 4 Be, 
f ikx —ikx 
oe g,(x) = Fe™+Ge™. 


Use the conditions on g’(x) to obtain 
§ . 
cos gl = coskl + — sinkl. 
2k 


Show that there exist forbidden regions of energy. Qualitatively sketch the energy E, as 
a function of g. 


9.7.8 Transmission by a well 
1. Show that the transmission coefficient T for the square well of Fig. 9.11 is 


T= 1 2 2mVo 
= ; aoe 


2 2 
1+() sin’ k’a 
Show that T passes through a maximum if the de Broglie wavelength in the well A’ = 277/k’ is 
of the form 2a/n, n integer. 


2. Qualitatively sketch the curves giving T and the reflection coefficient 1— 7. This behavior 
explains, among other things, the Ramsauer—Townsend effect.” 


9.7.9 Energy levels of an infinite cubic well in dimension d = 3 


Find the energies of the first six energy levels of the infinite cubic well as a function of 
the length L of a side of the cube along with their degeneracies. 


°4 Cf. Lévy-Leblond and Balibar [1990], page 314. 
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9.7.10 The probability current in three dimensions 


Show that the continuity equation 
s +V-j=0, p=lelF.n/’ 


holds for the current (9.141). 


9.7.11 The level density 


1. Calculate the energy level density D(E) in dimension d = 2. Show that it is independent of E. 

2. Calculate directly the number of levels ®(£) of energy lower than E by counting the number of 
possible levels in a sphere of radius |p| = /2mE in momentum space and taking into account 
the boundary conditions. Recover the expression (9.154) for D(E): 


d(E) 


= ae 


3. Calculate the energy level density D(E) for an ultrarelativistic particle of energy E = cp. 
Generalize to the case E = (p?c? + m*c*)!/*. Show that d°p/E is a Lorentz invariant. Owing to 
this invariance, this expression is often taken as the level density. 


9.7.12 The Fermi Golden Rule 


1. Comparison with the Rabi formula. In a two-level system, the Rabi formula (5.40) gives the 
exact transition probability between the two levels in the presence of a harmonic perturbation, 
for example, 

» 04 
2 


Show that the approximate expression (9.168) is obtained as the limit of the Rabi formula if 


2 
On 1/2 
peta, ntafleo) taf” 


e |@—W | > @,, that is, far from resonance, or 
e wt <1, that is, for sufficiently short times. 


2. A constant potential. Give the expression for the amplitude (9.167) y!)(t) and the transition 
probability per unit time I’ when the potential W(t) of (9.165) is time-independent. 


9.7.13 Study of the Stern—Gerlach experiment 


1. Classical study. We use the notation of Section 3.2.2. The trajectory of the silver atoms (Fig. 3.8) 
is assumed to lie in the symmetry plane yOz and along the y axis. Show that 0B,/0x|,_9 =0 
and 0B,/dy = 0 if edge effects are neglected. Show that an approximate form of the magnetic 
field satisfying the Maxwell equations between the magnet poles near x = 0 and z = 0 is 


B= Byt+b(zz— xX), 


where b = 0B,/0z|,-9. The classical expression for the force is F= avin -B). Find the com- 
ponents F,, F,, and F,. Show that under the influence of By) the magnetic moment / precesses 
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about the z axis with frequency w = |yBy|, where y is the gyromagnetic ratio, and that if 1/@ 
is very small compared with the time for the atom to travel between the magnet poles, then the 
component ft, gives a vanishing average force. Therefore, it is as though the magnetic moment 
were subject to an effective force F= by.,Z. 

2. Numerical data. Silver atoms of mass m = 1.8 x 10-7’ kg leave an oven with a speed v ~ 
500ms~! and a velocity spread Av ~ 10 ms~!. The collimating slits have height Az = 10~* m, 
the length of the gap is L = 5 x 10-7 m, the magnetic field is By) = 1 T, and b= 10* Tm™!. Show 
that at the exit from the magnet poles the spacing 6 between the two trajectories corresponding 


to S, =h/2 and S, = —h/2 is 
b(Ly 
= (=). 
m \v 


Evaluate 6 numerically. Calculate the product AzAp, and show that AzAp, > h. The atomic 
trajectories can therefore be treated classically. 

3. The quantum description. Let g..(7, t) be the wave function of an atom with spin in the state 
|+). Show that g, satisfies the Schrédinger equation 


a Fe 
in P* — (-= Vv? =HB) x. 
2m ora 


We define the average position (7,.)(t) and the average momentum (p.,.)(t) of the wave packets 
p.(F, ft) as 


2 
’ 


FO = f Pr7|e.G,1 


(.)() = [ Prei@.n[-inVe.@,)]. 


Write down the evolution equations for these average values by calculating d(7,)(t)/dt and 
d(p,.)(t)/dt using the Ehrenfest theorem (4.26). Show that the spacing 6 between the centers of 
the two wave packets is the same as that calculated in question 2 for classical trajectories. 

4. Parity invariance. In an experimental configuration for analyzing a spin pointing in the z 
direction using a Stern—Gerlach apparatus such that B || Ox, we assume that the spin is deflected 
preferentially in the direction x > 0, for example, (S,) > 0. By examining the image of the 
experiment in a mirror located in the xOy plane, show that such a preferred deflection is excluded 
if the relevant interactions in the experiment are invariant under parity (which is indeed the 
case). 


9.7.14 The von Neumann model of measurement 


1. In the model of quantum measurement imagined by von Neumann, a physical property A of a 
quantum system S is measured by allowing the system to interact with a (quantum) particle IT 
whose momentum operator is P. For simplicity we consider the case of one spatial dimension. 
The interaction Hamiltonian is assumed to be of the form 


H = g(t)AP, 
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where g(t) is a positive function with a sharp peak of width 7 at t = 0 and 


00 7/2 
ie [ e(t)drt ~ i (slat 


We assume that the evolution of S and II can be neglected during the very short time 7 of the 
interaction between S and II, which occurs between times f; and ty: t; ~ —7/2 and t, ~ 7/2. 
Find the evolution operator (4.14): 


UG, 2) Bere. 
. We assume that the S+II initial state is 


\W(t;)) = |n@@), 


where |n) is an eigenvector of A with, for simplicity, nondegenerate spectrum, A|n) = a,|n), 
and |g) is a state of the particle localized near the point x = x) with dispersion Ax. Show that 
the final state is 


lW(t,)) =|2@e,) with |p,) =e#4?/" |p). 


Let ¢,,(x) = (x|@,,) be the final wave function of the particle. Show that 


Pn(x) = P(x — ga,). 


The function ¢,,(x) then is localized near the point xy — ga,,, and if gla, —a,,| >> Ax for any 
nm, the position of the particle allows one to deduce the value a, of A so that a measurement 
of A is obtained. The final state of the particle is perfectly correlated with the value of A and 
the final state of S because the states |g,) and |g,,,) are orthogonal for n 4 m: (@,|Qn,) = Sm: 


. What is the final state of II if the initial state of S is the linear superposition 
Ix) = enn)? 


Show that the probability of observing S in the final state |”) is |c,,|?. The measurement is ideal 


because it does not modify the probabilities |c,,|*. 


9.7.15 The Galilean transformation 


Let us consider a classical plane wave, for example a sound wave, propagating along the 
X axis: 


f(x, t) = Acos(kx — of) 


and a Galilean transformation of velocity v: 


x =x4+ut, tf =t. 


1. Show that for a classical wave the transformed amplitude f’(x’, t’) satisfies 


SQ 1) = fa, 0, 
from which we extract the transformation law of the wave vectors and frequencies: 


kK =k, ow’ =o-+vk. 
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What is the physical interpretation of the frequency transformation law? Now let us assume that 
we are dealing with the de Broglie wave of a particle of mass m. Are the preceding relations 
compatible with the momentum and energy transformation laws 


1 
p)=pt+m, E' =E+pv+ 5 mv-? 
2. Show that for a de Broglie wave we should not require 
g(x’, ') = g(x, t) 


but rather 


g(x’, ') = exp || —(x, t). 


Using the relations (prove them) 


A) ") A) 
—=_ = —-vU-—, 
dr’ ot Ox 
oe) 2 
Ox’ Ox’ 


determine the form of the function f(x, t) by requiring that if g(x, t) obeys the Schrédinger 
equation, g(x’, t’) must also. 


9.8 Further reading 


The results of this chapter are classic and can be found in similar form in most texts 
on quantum mechanics. One of the clearest expositions is that of Merzbacher [1970], 
Chapter 6. Lévy-Leblond and Balibar [1990], Chapter 6, also give a very complete 
discussion with many illustrative examples. See also Messiah [1999], Chapter III; 
Cohen-Tannoudji et al. [1977], Chapter I; or Basdevant and Dalibard [2002], Chapter 2; 
this last reference comes with a CD made by M. Joffre which allows the motion of 
wave packets to be visualized. For the Fermi Golden Rule the reader can consult 
Messiah [1999], Chapter XVII, or Cohen-Tannoudji et al. [1977], Chapter XIII. 
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Angular momentum 


In this chapter we shall study the properties of angular momentum, which we have 
introduced already in Chapter 8. The fundamental property of angular momentum is that 
it is the infinitesimal generator of rotations. All the results that we shall obtain in this 
chapter will be more or less direct consequences of this property. In Section 10.1 we 
explicitly construct a basis of eigenvectors common to J? and J,, which are compatible 
Hermitian operators. The rotation of a physical state, which we have already introduced in 
Chapter 3 for the photon polarization and for spin 1/2, will be studied in the general case 
in Section 10.2. Section 10.3 is devoted to orbital angular momentum, which originates in 
the spatial motion of particles. In Section 10.4 we extend the classical results on motion 
in a central force field to quantum mechanics, and in Section 10.5 we discuss applications 
to particle decay and excited states. Finally, in Section 10.6 we study the addition of 
angular momenta. 
NB Throughout this chapter we use a system of units in which h= 1. 


10.1 Diagonalization of J? and J, 


In Chapter 8 we established the commutation relations (8.31) and (8.32) between the 
various components of angular momentum. Here we give them again in a system of units 
in which h = | (we recall that angular momentum has the same dimensions as h, which 
is why the notation is simpler in this system of units): 


U,Z)=i,, ,i)=i,, WU, F]=i, |, (10.1) 


xrvy 


or 


Ee J] = Ly Eximd mn : (10.2) 


m 


Knowledge of only these commutation relations will permit us to diagonalize the angular 
momentum, that is, to find the eigenvectors and eigenvalues of suitable combinations of 
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J, J,, and J,. Since these three operators do not commute with each other, they cannot 
be diagonalized simultaneously: the three components of J are mutually incompatible 
physical properties. To choose our combinations of J,, J,, and J,, we observe that P? is 
a scalar operator (cf. (8.33)) and, according to the result of Section 8.2.3, must commute 
with the three components of J: 


[F?, 510, (10.3) 


as can be verified by explicit calculation (Exercise 10.7.1). The usual choice is to simulta- 
neously diagonalize J? and J,, and this is often referred to as quantization of the angular 
momentum in the z direction. It is also said that Oz is chosen as the angular momentum 
quantization axis. It is convenient to define the operators J, = dt and Jp as 


J, =J, ti, Jy=J,. (10.4) 


We can immediately verify the commutation relations and the following identities: 


[Jo. Jz] = EJa, (10.5) 
hak (Sah, (10.6) 


I 
= 50S. t+II) +p (10.7) 


Tike (10.8) 
I= IF Ig Jy-H)). (10.9) 


These relations will be useful for the diagonalization. Let | jm) be an eigenvector of P 
and J., where j labels the eigenvalue of J? and m labels those of J,. Since J isa positive 
operator, its eigenvalues are > 0. We write them in the form j(j+1) with j > 0; this 
notation for the eigenvalues of J? will be justified below. The number m is called the 
magnetic quantum number. In summary: 


J|jm) = jG+ Vl im), (10.10) 
Jo|jm) = m\jm). (10.11) 
According to (10.5), the vectors J,,|jm) are eigenvectors of J, with eigenvalue m+ 1: 
JolJ|im)] = (JeJo = Jz) | jm) = J.(m+ 1)| jm) 
= (m+ I)[J,|jm)]. 
Similarly, since [J, J,.] = 0, 


P [Ja lim)] = G+ 1)[J.Lim)]. 
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We have just shown that the vectors J,|jm) are eigenvectors of J? with eigenvalue 
J(j +1) and of Jy with eigenvalue m+ 1. Moreover, assuming that | jm) is normalized, 
(jm|jm) = 1, we can calculate the norm of J,|jm) using (10.9): 


[J Lim)||? = (jm|J_J,|im) = (jm|F? — Jo(Jo + VL im) 
= jj+1)—m(m+41) = (G—m)(j+m+1)=0, (10.12) 
and that of J_|jm) using (10.8): 
|| Jim) |? = Cim| J, Jim) = (jm|J? — JoJo — 1) Lim) 
= jj+1)—m(m-1) = G+mG-—m+1) = 0. (10.13) 


The simultaneous positivity of the two norms is guaranteed only if —j < m < j. Starting 
from | jm), by repeated application of J, we obtain a series of eigenvectors common to 
J? and Jy, labeled by (j,m+1), (j,m-+2), etc. These eigenvectors have positive norm 
as long as m < j, but the norm becomes negative for m > j. The series must therefore 
terminate, which is possible only if one of the vectors (J,.)"|jm) vanishes for an integer 
value of n =n,+1 such that m+n, = j: 


J [(J,)"|jm)] = 0. 
The same argument for J_ shows that there must exist an integer n, such that 
J_[(J_)""|jm)] = 0. 
From the relations 
jJ=m+n,, -j=m-n, 


we find that 27, and therefore (27+ 1), must be an integer, which leads to the diagonal- 
ization theorem for J* and J,. 


Theorem. The possible values of j are integers or half-integers: j =0,1/2,1,3/2,.... If 
|jm) is an eigenvector common to J? and Jy, m necessarily takes one of (2j +1) values: 


m=—j—J +l, ft 2, +29 f —2. 9-1. 


When j takes the values 0,1,2,... we have so-called integer angular momentum, and 
when j = 1/2, 3/2,... we have half-integer angular momentum.! Let us study the normal- 
ization and phase of the vectors | jm). Starting from a vector | jm), by repeated application 
of J, and J_ we construct a series of (27+ 1) orthogonal vectors which span a vector 


' Although half of an even integer is also a half-integer. .. 
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subspace of (27+ 1) dimensions €(/) of Hl. These vectors do not have unit norm, but if 
we define |j, m—1) by 


|i,m—1) =[7G+1) —m(m— 1D]? J_lim), (10.14) 

then |j, m—1) has unit norm according to (10.13). Moreover, using (10.8), 
J,.J_|im) = (iG +1) —m(m—1)]'? I, |7,m 1) 
= [ii +1) —m(m— 1)] jm) 

or 

J,|j,m—1) =[iG+1)—m(m—1)]' jm), 
and with the replacement m — m+ 1 we have 

J, \jm) = [jG +1) —m(m + 1)]'7|j, m+-1). (10.15) 


The relations (10.14) or (10.15) completely fix the relative phase of the vectors 
li, 7), li, 7-1), ..-, 7, —j). A basis of E(/) formed from vectors | jm) satisfying (10.14) 
or (10.15) is called the standard basis | jm). 

It can happen that knowing (j, m) is not sufficient for uniquely specifying a vector of 
H: J? and J, do not form a complete set of compatible physical properties. We shall 
see an example of this in Section 10.4.2 where we discuss the hydrogen atom. There 
the values of the (orbital) angular momentum, denoted /, are not sufficient for specifying 
a bound state; an additional quantum number n = /+1,/+2,..., called the principal 
quantum number, must also be given. In general, it is necessary to use a quantum number 
or a set of supplementary quantum numbers 7 to label the eigenvectors |j,m = j) of P 
and J,, and these are normalized by the condition 


Fe IF ode dy) Oa 


By repeated application of J_ we form the standard basis of €(7, /): 


kee eas It, J, F—1)y own, <3, —j+1), ene —j). 


Let us summarize the essential properties of a standard basis |7, jm): 


P|r, im) = G+ V|r. jm), J,|7, jm) = mlz, jm), (10.16) 
J,.|t, jm) = GG+1) —m(m+ D]'? 7, j,m4+1), (10.17) 
J_|r, jm) = [j(7+1)—m(m—1)]'"|r, j,m—1), (10.18) 
J\t, ii) =0, Sr j,-) =0, aa 


878 m'm- (10.20) 


(1, jm'|r, jm) = 8 


UT 
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In what follows we shall suppress the index 7, as it plays no role in this chapter (except 
in Section 10.4). The matrix elements of J”, J, and J_ in a standard basis are 


(j'm'|P jm) = GG +1)8)jSim (10.21) 
(j'm'|Jo| jm) =m 819 mim? (10.22) 
(j'm'|J,,|jm) — G+ 1) _- mam’)? i Smt met (10.23) 


In the subspace €(/) in which J? has fixed eigenvalue j(j+ 1), the operators Jy and J, 
are represented by (2j7+1) x (27+ 1) matrices, and the matrix representing Jp is diagonal. 
It is instructive (Exercise 10.7.4) to write out these matrices explicitly in the case j = 1/2 
and recover the 2 x 2 matrices of spin 1/2 (3.47) as well as those of the case j = 1. In 
the latter case we recover the infinitesimal generators of rotations in three-dimensional 
space: the transformation law of a vector in R? is that of angular momentum j = 1. 
Equation (10.23) gives the following for the infinitesimal generators (Exercise 10.7.4): 


(10.24) 


These infinitesimal generators superficially differ in form from the generators T; 
found in (8.26). In fact, the two sets are related by the unitary transformation (10.64) 
which transforms the Cartesian components of 7 into spherical components; see 


Exercise 10.7.4. 


10.2 Rotation matrices 


In Chapter 3 we saw how to rotate a spin 1/2. Starting from a state |+) obtained by means 
of a Stern—Gerlach apparatus in which the magnetic field is parallel to Oz, we know 
from (3.57) how to construct the state |+, 7) obtained using a Stern—Gerlach apparatus 
with magnetic field parallel to n. We apply to the state |+) a rotation operator U[R| 
which transforms |+) into |+, 7): 


|+, 2) = ULR]|+) =|+)2- 


The rotation ® aligns Oz in the direction n. This rotation is not unique, and we shall 
see that this nonuniqueness corresponds to an arbitrary phase in the definition of |+, 7). 
Another example of the rotation of a physical state was given in Chapter 3 in the case 
of photon polarization. Starting from a linear polarization state |x), we obtain a linear 
polarization state |@) by applying to the former a rotation operator U[R_(8)| corresponding 
to rotation by an angle @ about the photon’s direction of propagation Oz (3.29): 


|) = exp(—id_.)|x) = ULR_(9)]|x). 
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In the general case, the state |p)» transformed by a rotation ® from a state |) is 


IP) 2 = U[R]l¢). 


We now give the explicit matrix form of the rotation operator U[R] in the basis | jm). 
The rotation operator U[R] is expressed as a function of the infinitesimal generators 
J,, J, and J,; cf. (8.30). Since the components of J commute with J’, the commutator 


[U(R), Py = 0 and the matrix elements of U are zero if j ¥ j’: 
(jm'|U[R]| jm) « 6 ;;. 
In the subspace €(/), the operator U(®) will be represented by a (27+ 1) x (2/41) 


matrix denoted D[R]. Its elements are 


D?,[R] = (jm'|U[R] Lim). (10.25) 


mm 


The matrices D are called rotation matrices, or Wigner matrices. Let us examine the 
rotational transformation of a state | jm) giving the vector | jm) »: 


| im) » = ULR]|jm) = > 7 | jm’) (jm'|U[R]] jm), 


m' 


where we have used the fact that in the completeness relation 


De lim) im |=1 


jim’ 


only the terms with j = j’ contribute. We can then write 


Lim) 2 = > DY, [Rlim’) |. (10.26) 


m’ 


Let us recall the group properties of the operators U[®]. In the case of a vector represen- 
tation (8.12) 


while for a spinor representation (8.13) 
U[ Rs G(R) =U [RR]. (10.28) 


At the end of this section we shall show that (10.27) corresponds to the case of integer 
angular momentum and (10.28) to the half-integer case. The multiplication law for rotation 
matrices is determined a the group property for the operators U: 


m' wall mm” mm 


Let us return to the study of the rotation which takes Oz to the direction 7 described by 
the polar and azimuthal angles (6, ¢): 


n,=sinOcosd, n,=sindsind, n,=cosd. (10.29) 
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Fig. 10.1. The rotation R(0, d) aligns the axis Oz with n. 


We shall adopt the following convention for the rotation: R, denoted R(0, h), will be 
the product of a rotation by an angle 6 about Oy followed by one by an angle ¢ about 


Oz (Fig. 10.1): 
RO, b) = Rb) R,() |. (10.30) 


Using (10.30) and the group law, the rotation operator U[R(6, h)] is given as a function 
of the infinitesimal generators J, and J, by 


U[RO,d)) =e Pe, (10.31) 


and its matrix elements in the basis | jm) are 


D” 


m'm 


[R(O, b)] = (jm'|e "re |jm) |. (10.32) 


This equation can be simplified: 


Dyin R(9, b)] = Dyn (8, 6) = €"* (jm |e" jm) (10.33) 
=e in'og” (6), (10.34) 

We have defined the matrix d)(@) as 
dyin (0) = (jmn' |e |jm) |. (10.35) 


The matrices d) satisfy a group property derived from that of the matrices D”): 


d°) (0,+0,;) = 2d) ,(0)d",,,(0,). 


m” 


There is no sign + in this equation because the rotation angle can be greater than 277. 
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We have already mentioned the arbitrariness in the choice of rotation (0, @); we could 
have first rotated by an angle y& about Oz without changing the final axis 7. In that case 
the new rotation operator would be 


U[R'] = U[RO, d)Je™, 


and the result (10.26) would acquire the phase factor exp(—imw). The most general 
definition of the rotation matrices involves three angles, called the Euler angles (¢, 6, w), 
and our convention corresponds to the choice (@, 6, 0).” 

In the basis | jm), iJ, is represented by a real matrix, because according to (10.23) the 
matrix elements of J, and J_ are real and 


i 
=-5(,-L). 
The matrix exp(—i6J,) is also a real matrix and the group property 
U"[R] = U""[R] = ULR™F 
becomes 


[a0] = [ad (-6)], 


which gives the following for the matrix elements: 


d) (0) =d”) (-6) |. (10.36) 


mm 


There exists another symmetry property (Exercise 10.4.12): 


ae (y= (1 de, ..(0) |. (10.37) 


Finally, it can be shown that the matrices D) form a so-called irreducible representation 
of the rotation group, that is, any vector of €(/) can be obtained from an arbitrary vector 
of this space by application of a rotation matrix DY, and any matrix that commutes with 
all the matrices DY) is a multiple of the identity matrix. 

Whether or not the factor + occurs in (10.28) can be checked by studying rotations by 
27, as this factor arises when a rotation by 277 is represented by the operator —/ in the 
space €(/). Let us consider a rotation by 277 about the z axis: 
integer j 


m'm? 


(jm'|U[R,(277)]] jm) = CS yy = 5 


= e 2imm s —_—§ 


m'm 


half-integer j. 


m'm? 


? The usual notation for the rotation matrices is 


D6, 6) > D? (ob, 0, =0). 
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Since the choice of axis Oz is arbitrary, the operator rotating by 27 will be / for integer 
j and —/ for half-integer 7. However, operators that rotate by 47 are all equal to / for 
any value of j. Let us examine two successive rotations by angles 6, and 6, about an 
axis n, with 


0,+6,=04+27n, O<6<27, integern>0. 


From the equations 


eG +62) In = @ 19(-) g—2imn(J-n) = gn) 


integer j 


= (ite, half-integer /, 


we find that (10.27) is valid for integer j and (10.28) for half-integer j. In other words, to 
any rotation ®& there correspond two rotation operators of opposite sign for half-integer 
j and only one for integer /. 

Let us check that in the case of spin 1/2 we recover the matrix D"/)(@, b) already 
calculated in Chapter 3. The matrix d“/*)(0) according to Exercise 3.3.6 is 


6 0 
d"/) (9) = exp(—ia,/2) = cos at — io, sin oy 


or in explicit form 


(10.38) 


g0(6) = (“ 6/2 —sin i | 


sin6/2  cos@/2 


where the rows and columns are arranged in the order m = 1/2, —1/2. Then (10.33) gives 
the following for the matrix D“/”)(0, ): 
—id/2 _ a—id/2 of 
D“(6, 6) = é€ | cos 0/2 . sin 0/2 
el?/2 sin 9/2 —e!*/2- cos 6/2 


in agreement with (3.58). 

The rotation matrix d“) (0) for angular momentum j = | is obtained from the infinites- 
imal generators (10.24), with the rows and columns arranged in the order m = 1,0, —1 
(Exercise 10.7.4): 


7(1+cos6) —~;sin® 3(1—cos6) 


d%(6)=| +; sin8 cos 0 —J5sind |. (10.39) 


+(1—cos @) z sind +(1 +cos @) 
The reader should verify that the matrices d“/*) and d" possess the symmetry proper- 
ties (10.36) and (10.37). 
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10.3 Orbital angular momentum 
10.3.1 The orbital angular momentum operator 


Let us consider a classical scalar field (7) and subject it to a rotation R,() by an angle 
& about Oz, with 7’ = RF being the vector transformed from 7 by this rotation: 


x’ =xcosd@—ysind, 
y =xsing+ycos ¢, 
Zz =Z. 


The value of the transformed scalar field (7) at the point 7’ must be identical to that 
of the initial field at the point r: 


W(7') = WF), 


W(rF) =W(R'F) |. (10.40) 


This transformation law is correct for a (scalar) classical field, but if w(7) is the wave 
function of a particle w(R~'F) and W'(F) can a priori differ by a phase: 

(7) = MO p(R') 
(see the discussion following (9.17)). We know only that |w’(r’)| = |w(7)|, and our goal 
is to show that the phase factor that might arise is actually absent. The vector U(R)|r ) 
physically represents an eigenstate of the position operator R, obtained from the eigenstate 


\7 ) of R by a rotation U(R). Let us show this explicitly using the fact that R is a vector 
operator whose components X, transform as the components of V in (8.34): 


or 


X,[U(R)|F)] = UR)U"(R)X,U(R)|F) 
= UR) RuX,)?) = UR(T Ruri) |) 
I I 
= (Rr),[U(R)|r)], 
which shows that the state vector |R7 ) can be defined, that is, its phase can be fixed, as 
|Rr) = U(R)|r). (10.41) 
If |’) is the transform of |) by U(R), |W’) = U(R)|W), then 
(7) = (F’) = FUR) |) = (UR) rb) 
= (U'(R)F |b) = (RFs) = WR“), 


which demonstrates (10.40). At first sight the argument R~! in (10.40), which can also 
be written as 


[UR)W\(7) = W(R'7), 
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may seem surprising, but we have already encountered a similar situation in the case of 
translations in (9.15), which in three dimensions with h = | is written as 


ley] @) =H —a), 
even though? 
eP alr) = |F +4). 


The function (7) transformed by a translation a is W(7 —a) and not (r +a)! If the 
rotation angle @ becomes infinitesimal for a rotation about Oz, then 


ULR.()] ~1-idd,, 
and according to (10.40) 
[U1 -ib J WF) ~ Wx+yo, —xb+y, 2) 
~ HG) +6 (yt 2) 
= (7) if (XP, — YP.) 
from which we find 
[J.W]F) = [(XP, — YP YN) = [(R x P) AG) = (La). (10.42) 


The angular momentum operator of the particle described by a wave function (7) is 
called the orbital angular momentum (because it is associated with the motion of the 
particle in a spatial orbit), and is in general denoted L: 


L=RxP. (10.43) 


The operator L has been constructed as the infinitesimal generator of rotations and 
necessarily satisfies the angular momentum commutation relations (10.1) or (10.2): 


l 
These relations can be verified by explicit calculation using the canonical commutation 
relations (8.45); see Exercise 10.7.5. We use |/m) to denote the eigenvectors of L* and L.: 
L?\lm) = I(1+1)|lm), (10.45) 
L.\lm) = mlm). (10.46) 


These equations can be transformed into differential equations by writing the operators 
L, as differential operators acting in L©(R*). The calculation is lengthy if we make the 
change of variables (x, y, z) > (7, 0, @), but it is simplified if we use the fact that the L, 


3 We note that this equation fixes the phase of the vector |7 +a ) relative to that of |7 ), in the same way as (10.41) fixes the 
phase of |R7 ) relative to that of |r ). 
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are infinitesimal generators of rotations. The case of L, is particularly simple. Considering 
w as a function of (r, 0, @), we have 


(ey) (7, 0, 6) = Wr, 6, $—a), 
and taking @ to be infinitesimal, 
oy 
db 
or L.w = —i(dy/d@). The calculation of L, and L,, takes a few more lines, because both 
6 and @ vary in a rotation about Ox or Oy. The result is (Exercise 10.7.5) 


(7 —iaL.]p) (7, 8, 6) = Wr, 8,6) —@ 


L i (10.47) 
,=-i-, ; 
Zz re) 
« tid d_.9 

La =i eae? Fisg ‘ (10.48) 
> 1 0a 0 L @ 
L? = —| —~—|sind— |+ —— — }. 10.49 

(aa ry [sin "A = ra) eon) 


The operators L; depend only on angles and not on r, hence the name angular momentum. 
The eigenfunctions of L? and L, depend only on the angles 6 and ¢ or, equivalently, 
on 7. These eigenfunctions are called the spherical harmonics: 


Y"(9, 6) = ¥"(r) = (r|lm). (10.50) 
Equations (10.45) and (10.46) become 
[L? YF) = FIL? |Im) = 1+ 1) ¥/"(7), (10.51) 
[L.Y"|(7) = (7 |L,|lm) = mY/"(7), (10.52) 
while (10.15) is written as 
[La¥"]F) = F|La|lm) = [10+ 1) — m(m + 1} Y™ (7). 
Equation (10.52) becomes, using (10.47), 


[L.¥/"|(, 6) = ig, ¥"(0, 6) = m¥}"(6, 4), 


which implies that 


rd, ) — elm? £8). (10.53) 


The tranformation law (10.40) shows that in a rotation by 27 the wave function is 
unchanged, and so no minus sign is introduced. This implies that orbital angular momenta 
are always integers. 

A simple and important application is the spherical rotator. We consider a diatomic 
molecule rotating about its center of mass, taken to be the coordinate origin (Fig. 10.2 
and Exercise 1.6.1). Its moment of inertia is / = jzr3, where p is the reduced mass and 
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Fig. 10.2. The spherical rotator. 


ry is the distance between the nuclei (the electron contribution is negligible). If w is the 
angular velocity of the rotation, the classical Hamiltonian H,, is 


ldo)? P 
ie hen a) = 7s? 
a 2 df 21 
where / = Jw is the angular momentum. The quantum version of the Hamiltonian is 
72 
H=-—, 
21 
and the energies are 
Ki+1) 
E,= ; 10.54 
ay (10.54) 


The eigenfunctions are the Y/"(6, @), where the angles @ and ¢ specify the orientation of 
the line joining the two nuclei; Y/"(0, @) is the amplitude for finding this line oriented 
in the direction (0, @). The spectrum of rotational levels is given in Fig. 10.3, and well 
reproduces the experimental results for the spectra of diatomic molecules. 


10.3.2 Properties of the spherical harmonics 
Let us now summarize, in some cases without proof, the properties of the spherical 


harmonics that are most frequently used. 


1. Basis on the unit sphere 


The spherical harmonics form an orthonormal basis for square-integrable functions on 
the unit sphere 7? = 1: 


[ sin odoagstyp" (6, d)]°¥/" 0, &) = [ OLY pO, B)FY;"O, 6) =8/:8y7m- (10.55) 
We shall frequently use the notation 0 = (6, @) and 
dQ = sin 0d0d¢ =d’?. (10.56) 
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Fig. 10.3. Spectrum of the spherical rotator. The jth level is separated from the (j — 1)th level by 
an amount j/J, or h?j/J if h is restored. 


If a function f(6,@) is square-integrable on the unit sphere, we can write down an 
expansion analogous to a Fourier series: 


f(9, d) as om Cim Y"(0, op), 


l,m 


Chm =f dary, b) "(8 $). (10.57) 


2. Relation to the Legendre polynomials 


One definition of the Legendre polynomials P,(u) is 


1. od 


= 2 l 


P,(u) 
where P,(u) is a polynomial of degree / and parity (—1)!: 


P,(—u) = (—1)'P,(u). 
The Legendre polynomials form a complete set of orthogonal polynomials in the interval 
[—1, +1]. The first few Legendre polynomials are 


P,(u)=1, P,(u) =u, Px(u) = 5311). (10.59) 


The associated Legendre functions P;"(u) are defined as 


m 


Pinu) = (112 )"? Pu), Pu) = Plu), (10.60) 
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and it can be shown that the spherical harmonics are related to the P/” as 


m _ (__1)\m (21 ot 1) (I my m)! ue m img 
Yi" (0, 6) =(—1) oe = Pr(cost)-e°"", w= 0, (10.61) 
Yi" (8, &) = (-)"[¥,"(8, by)", m <0. 


According to (10.53), ¥? is independent of ¢ and proportional to P,(cos 0): 


¥°(6, 6) = pe Pi(cos 6). (10.62) 


As a special case, we write down the Y/” for /=0 and /= 1: 


1 
i=l = Va 
= lig y= Vz cos 6 = Va (10.63) 
a ee eae 
i= = gn oe sind = aq MH 


Up to the normalization factor /3/47 the Y;”" are just the spherical components of the 
unit vector 7: 


r = (sin 0cos @, sin Asin d, cos 8), 


3 3 Pie 3 
Vai— hh, Fas) = a 10.64 
1 in 19 1 + An 2 i rey ( ) 


These expressions justify the phase conventions used for right- and left-handed polariza- 
tion in (3.11). 


3. Transformation under rotation 
Multiplying (10.26) for j =/ on the left by the bra (7|, we find 


Pa) = Dear e): (10.65) 


m'm 
m' 


We can also obtain (Exercise 10.7.6) a relation between the spherical harmonics and the 


rotation matrices: 
An 
Dp” y” 
0, 6, 10.66 
Dro, 6) = 5". #1". (10.66) 


From these two equations we can derive the addition theorem for the spherical harmonics. 
Taking 7 in the direction given by the polar angles (a, 8), let R be the rotation by angles 
(0, h) aligning Z with i and © be the angle between 7 and the direction defined by the 
angles (0, @) (Fig. 10.4): 


cos ® = cosacos#+sinasin Ocos(B—¢). 
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Fig. 10.4. Angular configuration in (10.67). 


The angle © between R~'? and the z axis is the same as the angle between i and 7. It 
is then sufficient to take m = 0 in (10.65) to obtain 


Pi(cos®) = "> [y"(0, #)I'¥/"(a, B) |. (10.67) 


21+1 


m=—l 


4. Parity of the spherical harmonics 


The parity operator II defined in Section 8.3.3 acts on a wave function (7) as 


[ITy](7) = p(—7). (10.68) 


Il commutes with the orbital angular momentum L and, more generally, with J. In fact, 
the representation matrix of the parity operator in three-dimensional space IR? is the 
matrix —/, which commutes with any rotation matrix ®, from which we infer 


[U(R), 1] =0 > [J, 1M] =0 and [L, 11] =0. (10.69) 
This implies the equations 
Puy" = ney =I0+ 1)1y,", 
LY" = TIL. Y/" = mIly,”, 
which show that ITY” is proportional to Y/”: 
I1Y;)” = a(l, m)Y;". 


Y/" is therefore an eigenfunction of II, and since I’? =/, a(l,m) = +1. Let us show that 
a(l, m) is in fact independent of m using the fact that L, commutes with IT: 


yee A ey = a(l, ny a Se = a(l, m)[l1+ 1) —m(m+ 5 boas Fa 
— UR Eee Ag = [d(d+ 1) = m(m+ yPenye 
= [d+ 1) — m(m+ 1)]'?a(i, m+ jie 
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which implies that a(/, m+ 1) = a(/, m). Therefore, a(/, m) is independent of m and 
[I1Y)"|(7) = a1) ¥"(7) = ¥/"(—7). 
The transformation 7 — —? corresponds to 
6>7-0, b> 47. (10.70) 
If m =0, then Y? x P,(cos 8); using (10.62) and P,(—u) = (—1)'P,(u), we find a(l) = 
(—1)! and 


¥"(0, 6) =(-1)'¥"(7-0,6+7) or ¥"(7) =(-1)'¥"(-P) |. (10.71) 


10.4 Particle in a central potential 


10.4.1 The radial wave equation 


We shall use the preceding results to show that the three-dimensional Schrédinger equa- 
tion, which is a partial differential equation, can be reduced to an ordinary differential 
equation when the potential is central, that is, invariant under rotation: 


V(r) = V(IF|) = V(r). 


In this case, since the kinetic energy is a scalar operator, the full Hamiltonian for a particle 
of mass M 


_— 


2 


le 
rz air + V(r) (10.72) 


is invariant under rotation: [H, J] = 0. Our problem involves only the orbital angular 
momentum, since the only operators at our disposal are P and R: 


[H#,L]=0 or [H,L,]=[4,L,]=[4,L,]=0. (10.73) 


In the space LP (IR*) the kinetic energy operator is proportional to the Laplacian V7: 


- 1 0° 1 1 0 0 1 @& 
—P? = —(-iV’ = V? = -—r+—|—— [sino— —— = I> 10.74 
ae r or? a P| sind 00 > 06 +r sin? 0 0g? ( ) 
where we have written the Laplacian in polar coordinates. Comparing with (10.49), we 
recognize in the operator L” the angular part of the Laplacian: 


Sopa, (10.75) 


This equation confirms the commutation relation [H, L] = 0, since [L?, L] = 0 and the 
radial part of the Laplacian, which does not depend on angles, obviously commutes 
with L. We can therefore write the Hamiltonian (10.72) as 

1 1 # 1 


H=-——-—-r+ 


= a i? +V("). 10.76 
2M r or2 2Mr2 +) ( ) 
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Owing to these commutation relations, we know that it is possible to simultaneously 
diagonalize H, L?, and L,. Let w,,,(7) be an eigenfunction common to these three 
operators. Since there is only one spherical harmonic (/, m), if 


ig ae = I(1 * Win and L Wim = MWY ins 
then y,,, must be proportional to Y/":4 


ut) 


Wim (1s 0, ) = fir) Y" (0, ) = 


It is convenient to factorize 1/r; u,(r) is the radial wave function. Let us examine the 
action of H on y,,,: 


Y"(0, 6). (10.77) 


+ vey) “| ¥(6,6). 


r 


112 (ee 


Ay, (7, 8, 6) = laa aann+ IMP 


The eigenvalue equation 
As, rans Ein 


becomes the radial equation 


2M dr2 2Mr2 


sage ee 


+ HW u,(r) = E,u,(r) |. (10.78) 


The radial wave function and the energy are labeled by only the index / and not m, 
because according to (10.78) they are independent of m. Each value of the energy will 
therefore be at least (2/-+ 1)-fold degenerate. This could have been foreseen from the 
commutation relation [H, L..] = 0. If 


Ain, = E nm Wim 


by reasoning similar to that which enabled us to show that a(/, m) is independent of m, we 
deduce that E,,,, is also independent of m (Exercise 10.7.7). For each value of the angular 
momentum /, or for each partial wave 1, we have reduced the Schrédinger equation to 
an ordinary differential equation in a single variable r. Following historical tradition, the 
partial waves are labeled s, p, d, f, g, h, ...: 


1=0:s wave, /=1:pwave, 1=2:dwave, 1=3:/f wave, 


and so on in alphabetical order: / = 4: g wave, etc. In each partial wave, (10.78) shows 
that the potential V(r) must be replaced by an effective potential V,(r) (Fig. 10.5): 
i(i+1) 


V(r) = Vir) + aM” 


(10.79) 


4 We anticipate the fact, proved a few lines later, that f; is independent of m. 
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+1) 
2Mr~ 


Fig. 10.5. An effective potential. The solid lines represent the potential V(r) and the centrifugal 
barrier (1+ 1)/2mr’, and the dashed lines represent their sum, the effective potential V,(r) in the 
partial wave of angular momentum /. 


The term /(/+1)/2Mr’ is called the centrifugal barrier term. It is also present in classical 
mechanics, where the energy can be written as 


j ere 1 
BS 5M + V(r) = 5 MO; +r’) +V(r), 


where v, is the radial velocity and w the angular velocity. Since? 1 = Mwr? and | is 
constant in the case of a central force, we have 


1 2: 
E=—-Mv- 
a Toe 


1 
+ V(r) = 5M; +V,(r). 


The term /?/2Mr’ corresponds to the centrifugal force: 


d e i i 
—— = —, = Mo’ r. 
dr \ 2Mr2 Mr3 


This term tends to push the particle away from the force center in the rotating frame and 
corresponds to a repulsive potential. In quantum mechanics we replace the operator L? by 
its eigenvalue /(/+ 1) for each value of /, and to the potential V(r) we add the repulsive 
potential /(/+ 1)/2Mr’. 

Not all functions y,,,(7) of the type (10.77) with u,(r) a solution of (10.78) are 
physically acceptable. If the function y,,,(7) represents a bound state, it must satisfy the 
normalization condition 


[Prin P= 1. (10.80) 


> Following our usual convention, lower-case letters denote classical quantities (numbers) or quantum numbers. 
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If w,,,(7) represents a scattering state, behavior corresponding to a plane wave plus a 
spherical wave at infinity exp(+ikr)/r is acceptable [cf. (10.81)]. In the case of a bound 
state, (10.78) in general possesses several solutions for / fixed. In fact, since 0 < r < 00 
this equation is identical to that of the one-dimensional problem in the range [0, +00] 
with V,(r) (10.79) as the effective potential. The radial wave function and the energy are 
labeled by an additional quantum number n’, n’ = 0,1, 2,..., and denoted as u,,,(r) and 
E.,,. If the potential V(r) is sufficiently smooth, it can be shown that n’ is equal to the 
number of zeros, also called nodes, of the radial wave function u,,,(r) (cf. Section 9.3.3). 
The quantum number n’ classifies the values of the energy in increasing order: 


/ 


/ 


n 


In Chapter 12 we shall see that the wave functions of scattering states are labeled by the 
wave vector k: 


etikr 


r—> 00: (7) ~ e*? + (6, o) (10.81) 


= 
It is possible to analyze the behavior of the wave functions u,,,(r) for r — 0. In all cases 
of physical interest the centrifugal barrier term is the most singular term when r — 0 and 
it controls the behavior of u,,,(r) in this limit. If we assume a power-law behavior® 


r—>0:u,(r) «xr 


and substitute it into (10.78), for the two most singular terms in r*~* we obtain 


I +1 
Fy we —1)re? + 2 =); 
which implies that 
a(a—1)=/(/+4+1), 
i.e., @=/1+1 or a=-—l. The second value is excluded because the integral (10.80) 


diverges at the origin unless / = 0. However, for / = 0 a solution u,(r) « const., or 
W(r) « 1/r, although normalizable, is not acceptable because it cannot be a solution of 
the Schrédinger equation owing to 
1 m 
V?— = —476(7). 
r 


In summary, the behavior of the radial wave functions for r > 0 is 


The radial wave function vanishes at the origin. This can be seen intuitively: since 
0 <r < ov, it is as though there were an infinite potential barrier at r = 0, and we know 
that in this case (see Section 9.3.2) the wave function must vanish. Nevertheless, the 


© The power law giving the behavior at the origin is independent of the quantum numbers n’ and k, and so we suppress them. 
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solutions involving r~’ may be useful in solving the Schrédinger equation in a region 


where r is strictly positive. 

The example of the hydrogen atom, which is studied in the following subsection, leads 
to a redefinition of the radial quantum number, which becomes the principal quantum 
number: 


n—>n=n'+/1+1. (10.83) 


10.4.2 The hydrogen atom 


The results of the preceding subsection can be used to calculate the energy levels and 
wave functions of the hydrogen atom, which is one of the few physical problems for 
which an analytic solution is available. The mass M in (10.78) is the electron mass m,, 
or, more precisely, the reduced mass yw (Exercise 8.5.6): 
mm 
wp=—-_ ~m,, (10.84) 
m,+M, 

where m, is the proton mass. However, we shall use m, rather than w in the equations 
in order to emphasize the order of magnitude of the masses which are relevant to this 
problem. The potential V(r) is the attractive Coulomb potential between the electron and 
the proton: 


2 2 
V(r) = -—#&— =-£, (10.85) 
4Tegr eg 


and (10.78) becomes 


sas toss 2 ae | U,)(7) Pa Euy(r)- (10.86) 


2m, dr? 2m, r? r 


In physics it is always advisable to make equations dimensionless by an appropriate change 
of variable. In the present problem the natural unit of length is the Bohr radius (1.34) 
dy = 1/m,e’, and the natural unit of energy is the Rydberg (1.35) R,, = e?/2da) =m, e*/2.’ 
This suggests that we define the dimensionless quantities x and ¢,,,: 


E 2a ,E 
ie A eee rT, SSS Sore: (10.87) 
dy RK. e 
In what follows we limit ourselves to bound states for which E,,, < 0 and therefore €,,, > 0, 
whence the choice of the minus sign. Also defining 
U,)(X) = Uni (1) = Uni (AoX), 

after simplification by (2m.a;)~' we obtain 

d  Ui+1) 2 
— 2 | (a) = en 0. (10.88) 

dx? ae x 


7 We recall that we have chosen a system of units in which h = 1. If h is restored, then ag = h?/m,e” and R,, = m,e4/2h?. 
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We shall limit ourselves to finding the solution in the case / = 0, that is, in the s wave, 
and leave the general case to Exercise 10.7.9. To simplify the notation, we set 


V,0(X) = v(x), En9 = €, 


and (10.88) becomes 


d?v(x) = (e- =) ‘eas 
Xx X 


We know from the preceding subsection that v(x) « x for x > 0. Let us now find the 
dominant behavior for x — oo neglecting the term involving 2/x. We then have® 


v(x) ~ exp(+/e x). 


The exp(./e x) behavior is unacceptable because the wave function will not be normal- 
izable owing to the exponential divergence. The only possible behavior is exp(—./é x). 
In order to include the information contained in the behavior at infinity, we define a new 
function f(x) as 


v(x) =e “ f(x), a’=e. 
This change of function transforms the differential equation for v(x) into 


d? df 2 
OF Gol ae p= Gh (10.89) 
dx? dx x 


Let us seek f(x) in the form of a series in powers of x. Since we know that f(x) « x for 
x—> 0, 


ies ax". (10.90) 
k=1 
Equation (10.89) determines a recursion relation for the coefficients a,: 
So k(k— Da,x*? — 2a Ska, x! +25 > a,x! =0. 
k=1 


k=1 k=1 


Noting that for k = 1 the first term in the preceding equation vanishes and relabeling k, 
we have 


3 [A(k + 1)a,4, —2(ak — 1)a,| aes! (10.91) 


k=1 
The cancellation of the coefficient of x*~! gives a relation between a,,, and a;,: 


2(ak — 1) 
a = ——Q,. 
mee Eee 


8 In fact, this behavior is determined only up to a multiplicative polynomial. 
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If we arbitrarily fix a,, all the a, can be derived from a,. For k > | the recursion relation 
is approximately 


a (2a)* 
Any = Fa ay 
and 
loo) oe) k 
k (2a) k 2 
2 tie ~d ul a,x ~a,e~" 


This implies that for x — oo 


v(x) a e220 eax as ae, 


which makes the wave function non-normalizable. The only way to avoid the exponential 
divergence is to have the series (10.90) terminate at some integer k =n, which can happen 
only if an = 1. The possible values of ¢ then are labeled by an integer n: 


f= =e 
as are those of the energy: 
E,, = E,9 = me Fs my (10.92) 
2 9 n> 


Exercise 10.7.9 shows that the possible energies for / 4 0 have the form 


R 
=-—, n=/1+1,/142,... (10.93) 


if ’ 
n n2 


The first two (n = 1, 2) radial wave functions v,.(x) of the bound states of the hydrogen 
atom in the s wave, normalized to unity, are 


Digit) = Bre, (10.94) 
1 X\ _.i9 
Vag (x) = (i —5)e 2 (10.95) 


The radial wave function in the state n = 2, ] = 1 (the p wave) is 


ot. pea 
Vo, (x)= oe - cere (10.96) 
The spectrum of the hydrogen atom that we have found is shown in Fig. 10.6. The 
notation for the levels is ns, np,...: 1s denotes the ground state, 2s and 2p the first 
excited (degenerate) levels etc. All the levels are degenerate, except in the case n = 1. 
For a given value of n, all values of / lying between / = 0 and / = n—1 are possible, and 
the degeneracy is 


n—1 


G(n) = 021+ 1) =n’. 
1=0 


This degeneracy is peculiar to the Coulomb potential. The spectrum of the outer electron 
of an alkali atom (Fig. 10.7) qualitatively resembles that of the hydrogen atom, except that 
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Fig. 10.6. Spectrum of the hydrogen atom. 
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Fig. 10.7. Spectrum of the sodium atom. 
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there is no degeneracy. The Coulomb potential also presents a remarkable peculiarity in 
classical mechanics: it is the only potential, along with the harmonic potential V(r) « r’, 
for which the trajectories close on themselves.’ This feature of the classical motion as 
well as the degeneracies associated with the quantum problem are due to the presence of 
an extra symmetry. This symmetry leads to an additional conservation law, that of the 
Lenz vector in the Coulomb case. 


10.5 Angular distributions in decays 
10.5.1 Rotations by 7, parity, and reflection with respect to a plane 
In this section we shall study decays of a particle C into two particles A and B: 
C—> A+B. (10.97) 


We shall choose a reference frame in which particle C is at rest; particles A and B then 
have equal and opposite momenta p and —p, respectively. The process (10.97) includes 
radiative decays (or transitions) with the emission of a photon, in which an excited level 
A* of an atom, a molecule, or a nucleus emits a photon y as the system undergoes a 
transition to a lower energy level A, which may or may not be the ground state: 


A*> At+y. (10.98) 


The states A* and A may also correspond to different particles, as, for example, in the 
decay 


> A°+y, (10.99) 


where the particles £° and A° are neutral particles formed from an up quark, a down 
quark, and a strange quark (Exercise 10.7.17). 

The invariance under rotation of the Hamiltonian responsible for the decay implies 
conservation of angular momentum, which leads to constraints on the decay amplitudes 
and to important consequences for the angular distribution of the final particles. If the 
Hamiltonian governing the decay is invariant under parity, which is the case for the 
electromagnetic and strong interactions but not for weak interactions, we obtain additional 
constraints. It is convenient to introduce the operator Y, the product of a rotation by 7 
about the y axis and the parity operator II (Section 8.3.3): 


Y=e(%, y=YT=e'™=Nei™. (10.100) 


This operator is just reflection with respect to the plane xOz; Y is the reflection operator 
with respect to this plane. Let us first study the action of Y. This operator transforms J, 
into —J, and J, into —J, while leaving J, unchanged: 


YOLV Sad POY aE (10.101) 
° The two cases are related; cf. Basdevant and Dalibard [2002], Chapter 11, Exercise 3. The extra symmetry can be used to find 


the energy levels and the wave functions, see e.g. E. Abers, Quantum Mechanics, New Jersey: Pearson Education (2004), 
Chapter 3. 
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Let us examine the action of Y on the state | jm): 
J.(Y|jm)) = —YJ,|jm) = —m(Y|jm)). 
The state Y| jm) is then equal to |j, —m) up to a phase: 
Y| jm) =e" |j, —m), 


because Y is unitary and preserves the norm. This result is not surprising, because the 
action of Y is equivalent to reversing the direction of the angular momentum quantization 
axis. Following the procedure used above in the case of parity, we apply J, to relate 
a(j,m) to a(j,m+1): 


J,¥|jm) = #0" J,]j, —m) = J {G+ 1) — m=) e |, —m-+1) 
= -¥J_|im) =—JjG+1)—m(m—I) ¥|j,m—1) 
—SiG+ 1) — (mT) "| j, -m +1), 


or 


eia(iim-1) gia’). 
Since Y is a rotation by 77, Y? is a rotation by 27, Y? = (—1)*/, and 
Y?| jm) = 0m 6G.” | jm) = eG™ (—1)"| jm) = (—1)"/|jmn), 
from which we find the two possible solutions 
cial) = (<1)i-™ og elem) = (- 1H, 


These two solutions are identical for integer j, while for j = 1/2 we can check 
using (10.38) that the first solution is the good one. It can be shown that this is also the 
case for all half-integer j. In the end, we have 


Y|jm) =(-1)"|j,-m),  Y~'|jm) = (-1)/*"|j, —m) J. (10.102) 


10.5.2 Dipole transitions 


Now let us study radiative transitions of the type (10.98). First we return to the description 
of the photon polarization studied in Chapter 3, placing it within the general context of 
angular momentum. We have determined the infinitesimal generator of rotations of the 
polarization when the rotation is made about the propagation direction, taken to be the z 
axis. In the basis of linear polarization states |x) and |y) this infinitesimal generator is 


given by (3.26): 
0 -i 
ea 
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We have already seen in (3.29) that exp(—i@&.) performs a rotation of the polarization 
in the xOy plane by an angle 0, and we can identify %, as the z component of the 
photon angular momentum: &. = J,. Then according to (3.27) the action of the operator 
exp(—i@.) on the right- and left-handed polarization states |R) and |L) (3.11) is 


exp(—i6¥.)|R) =e""|R), _exp(—i6¥.)|L) =e" [L), 


which proves that the states |R) and |L) have the magnetic quantum numbers m = | and 
m = —1, respectively.'° Furthermore, the description of the electromagnetic field by a 
vector potential shows that the photon has a vector nature and therefore spin 1, which 
permits |R) and |L) to be identified as the states | jm) (Fig. 10.8): 


IR) =|j=1,m=1)=|11), [L)=|j=1,m=-1)=|1,-1), (10.103) 


where the angular momentum quantization axis Oz is taken to lie along the photon 
propagation direction. The value of m is called the photon helicity: m = +1 corresponds to 
positive helicity and m = —1 to negative helicity. Since angular momentum | corresponds 
to three possible values of the magnetic quantum number, m = +1,0,—1, we might 
wonder what has happened to the value m = 0 for the photon. A general analysis due to 
Wigner shows that for a particle of zero mass and spin /, the only allowed eigenvalues of 
J, are m= j and m = —j, where the axis Oz is taken to lie along the particle propagation 
direction. When parity is not a symmetry of the Hamiltonian, the two possible values are 
independent. If the spin-1/2 neutrino had zero mass,'' it would always have m = —1/2, 
while the antineutrino, which is a different particle, would always have m = +1/2. The 
photon interactions conserve parity as they are electromagnetic interactions, and so the 
same particle can have both m= 1 or m= —1. 

We still need to check that the definition (10.103) corresponds to a standard angular 
momentum basis. We shall use the operator Y = exp(—izJ,) which changes the direction 


(a) (b) 


|R) |L) 


Fig. 10.8. (a) Right-handed circular polarization; (b) left-handed circular polarization. 


'0 An equivalent argument is to note that },|R) =|R) and ¥,|L) = —|L). 
'l Which for a long time seemed possible, but apparently is not the case; see Exercise 4.3.6 and Footnote 4 of Chapter 1. 
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ly) —|x) 


Fig. 10.9. Action of Y on linear polarization states. 


of the photon propagation while leaving Oz unchanged. Its action on linear polarization 
states is (Fig. 10.9) 


Y|x)=—|x), Yly)=ly). 
We can derive its action on the circular polarization states |R) and |L) (3.11): 


vik) = ¥| (1s) +ily9) |= 
— —I||x ily ) = — 

/2 v2 
The relative phase of the states |R) and |L) corresponds to that of a standard basis since, 
according to (10.102), 


(Ix) —ily)) =i, (10.104) 


Y|R) =Y|1,1) =(-1)"" 


Sb). 


The choice (3.11) is also confirmed by the fact that |R) and |L) are given by the same 
combinations as the spherical components 7,, 7_,, and 7) (10.64) of 7. 

Let us use p to denote the photon momentum, which we choose to lie along the z axis, 
and let |jm) be the angular momentum state of A* (it is often said that the excited state 
has spin j), |j’m’) be the angular momentum state of the final level A (or the spin of 
the final level A), and |1j) be the angular momentum state of the photon. Owing to the 
invariance under rotation, the angular momentum is conserved in the transition: 


J=I'+S4+1, 
where S is the photon spin and L is the orbital angular momentum. Projecting this 
equation on Oz, we find 


m=m+p+m,. 


It is easy to convince ourselves that the magnetic quantum number of the orbital angular 
momentum is zero: m, = 0. In fact, the spatial wave function of the photon is a plane 
wave 


eb? = elle = ercone 
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which is invariant under rotation about Oz. The z component of the orbital angular 
momentum must be zero. Another justification follows from (10.47): 


be ste Oo suet 
L eiprcos 6 = —j—eiprcos6 —0. 


z ad 


The conservation of the angular momentum in the z direction gives 


right-handed final photon: m = m' +1, 
(10.105) 
left-handed final photon: m = m' — 1. 


If A and A* have zero spin (j = j’ = 0), then m = m’ = 0 and the equations (10.105) have 
no solution: there is no single-photon radiative transition 7 = 0 — j’ =0, often called a 
0 — 0 transition. Radiative 0 — 0 transitions are possible only with the emission of at 
least two photons, and the probability of such a transition is suppressed by a power of 
the fine-structure constant a ~ 1/137. 

A more interesting case which is often encountered in practice is that of 7 = 1 and 
j' = 0. If the photon is emitted in the z direction with helicity 4 = +1, there are two 
possible cases taking into account j’ = m’ = 0: 


right-handed final photon: m= 1, w=1, (10.106) 
left-handed final photon: m = —-1, w=-l. (10.107) 


Let a be the probability amplitude of (10.106) and b that of (10.107). It should be 
clearly understood that we are dealing with the amplitude of a transition probability, 
analogous to that calculated in (9.167), and not with probability amplitudes like those 
defined in postulate If of Chapter 4. The squared modulus of a transition amplitude gives 
the transition probability per unit time. The amplitudes a and b can be viewed as matrix 
elements of an operator T called the transition matrix, which can be calculated, at least 
formally, as a function of the Hamiltonian and which has the same symmetries as the 
Hamiltonian. We define the angle 6 between the photon emission direction, taken to lie 
in the xOz plane, and the z axis, and we write the transition amplitudes a and b as 
(in (10.105) m’ = 0 because j’ = 0) for 0 = 0 


G(R, 0=0T|JH=1. m1) = (B0=07|11). 
(10.108) 
b= (L,6=0|T|j =1,m=—-1) = (L, 0 =0|7|1, —1). 
If parity is a symmetry of the Hamiltonian responsible for the transition, then T commutes 
with Y (10.100). Since the two amplitudes a and b correspond to transitions which are 
deduced from each other by reflection with respect to the plane xOz (Fig. 10.10(a) and 
(b)), we must have |a| = |b|. To determine the phase in this relation we use 


a = (R,0=0|¥'TY|1, 1) = ny nan, (L, 6 = 0|T|1, -1) 


=> NyNANa4, (10.109) 
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Fig. 10.10. Emission of photons with p || Oz. The amplitudes in (a) and (b) are deduced from each 
other by reflection with respect to the plane xOz. (c) Linear polarization of the final photon. The 
charge g undergoes oscillations along Oz. 


where ny = +1 is the parity of the particle X. If X has momentum p and we write its 
state vector as |X, p), then 


II|X, p) = nx|X, —p). (10.110) 


The description of the electromagnetic field by a vector potential, which is a polar vector, 
shows that the photon parity is 7, = —1. Let 7 = 7,47,4+. Then there are two possible 
cases: 


l.n=-1, a=b; 
2.Hn=+1, a=-b. 


We are going to show that the first case is that of an electric dipole transition and 
the second is that of a magnetic dipole transition.'? We do this by comparing with the 
simplest classical case, that of the radiation of a charge undergoing harmonic motion 
along the z axis. The classical angular momentum of this charge relative to the origin, 
and in particular its component in the z direction, is always zero, and the quantum case 
most similar to this situation is that where the excited state A* possesses zero angular 
momentum in the z direction, that is, it is in the state |j = 1, m = 0). In order to compare 
the photon angular distribution with that of the classical radiation, we must imagine the 
case where the photon emission angle 0 + 0, the initial state of the atom being |10). We 
obtain the state |R, @) (|L, @)) of the photon by rotation by an angle 6 about Oy starting 
from |R, 6 =0) (|L, 6 =0)): 


|R, 6) = U[R;(6)]|R, 6 = 0), 
|L, 0) = U[R;(6)]|L, 6 =0). 


'2 This result depends on the sign conventions used for the states |R) and |L); we find the sign opposite to that of Feynman 
et al. [1965], Vol III, Section 18.1 owing to the different sign convention in the definition of |R). 
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The emission amplitude in the @ direction, for example, for a right-handed photon and 
initial state |j = 1, m=O), is 


ax °(8) = (R, 6|T|10) = (R, 6 = 0|U"[R;(8)]T|10) 
= (R, 0 =0|TU'[R;(8)]|10) 
= (R, 6 = 0|T|11)(11|U"[R;(4)]| 10) 


(1) eS 
= ad, (0) = —= sin @. 10.111 
ol ( ) J? ( ) 
We have used the rotational invariance of 7, introduced a set of intermediate states 
>, |1m)(1m| in the j = 1 subspace, and obtained the rotation matrix element 
using (10.39). A similar calculation gives the following for the emission of a left-handed 
photon: 


b 
m=0 (1) 7 
a 0) = bd,” (0) = ——=sin 0. 10.112 
(0) = bd,” (8) 53 ( ) 
If the final polarization is linear, we can decompose it on the states |x) polarized in the 
plane xOz and |y) polarized along Oy (Fig. 10.10(c)):'° 

\ ; 


= (-IR) +1), b= 


(IR) +IL)). (10.113) 
and we find 


1 
ay (8) = (x, 6|T|10) = —> (a+b) sin 8, 


ay (8) = (y, 6|T|10) = 5(a—b) sin 0. (10.114) 


In the electric dipole case a = b the photons are polarized along Ox, while in the 
magnetic dipole case they are polarized along Oy. This corresponds to the classical case. 
If, for example, we take a charge undergoing harmonic oscillations along Oz with zero 
z component of angular momentum, the radiation is polarized in the plane xOz. On the 
other hand, a magnetic dipole will produce radiation polarized along Oy. An electric 
dipole transition corresponds to 7 = —1, and therefore to initial and final states with 
opposite parities, while a magnetic dipole transition corresponds to initial state and final 
state with the same parity. In both cases the angular distribution is sin’@. 


10.5.3 Two-body decays: the general case 


Let us return to the general case of two-body decay (10.97), using j,4, jj, and j. to denote 
the spins of the particles A, B, and C. We define the transition amplitude for the initial 


'3 The states |x) and |y) are defined with respect to the propagation direction p; see Fig. 10.10 (c). 
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state |j-mc) of particle C to the final states |j,m,) and |j,m,) of particles A and B, 
assuming that particle A is emitted with momentum p in the direction (0, @): 


Gn my 9, P) = (mamg; (8, b)|T|mc). (10.115) 
If particle A is emitted in the direction p = (6, #), the state 
|m mp; (8, &)) = UR)|mamg; (0 = 0, d = 0)) 


is the state |m,m,; (0 = 0, = 0)) transformed by the rotation (0, @) aligning the z 
axis in the direction of p. It should be emphasized that in this state we have chosen the 
angular momentum quantization axis to lie along p, and m, and mz, are the eigenvalues 
of (J: p) and not J, (Fig. 10.11). When particle A is emitted in the z direction, = ¢ =0, 
conservation of the z component of angular momentum implies, as in the preceding 
subsection, that m-; = m,-+ mg. The only nonzero transition amplitudes are 


Diane = (M4Mp; (0 > 0, ) = 0)|T|m¢ =m, +m). (10.1 16) 
Using the same arguments as for (10.111), we find 
Ans mp9, P) = (mame; (9, b)|T| mc) 
= (m4, mg; (8 =0, 6 = 0)|U"(R)T|me) 
= (m4, mp; (0 =0, 6 =0)|T|m_ =m, +mg)(me =m, + m,|U"(R)|mc) 


| Diy. sii (2) ae (8, $)) (10.1 17) 
= Bi ade nem Oee (10.118) 


If parity is conserved in the decay, then 


Viaiee = (ma, Mp; (8 = 0, p = O)¥'TY|me =M, + mz) 


= n(—1)/o44 Jeb (10.119) 


—m,,—Mp? 


Fig. 10.11. The decay C—> A+B. 
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where 7 = 1472 7Nc 1s the product of the parities of the three particles. Parity conservation 
halves the number of independent amplitudes. The amplitudes defined in (10.118) are 
called helicity amplitudes. However, it should be noted that the angular momentum 
quantization axis of particle B is often taken to be aligned with its momentum —p, which 
causes m, — —mg,. The magnetic quantum numbers m, and —mz, (with our definition) 
are the helicities of particles A and B. 


10.6 Addition of two angular momenta 
10.6.1 Addition of two spins 1/2 


In Section 6.1.2 we constructed a four-dimensional space Hl, ® A(, by taking the tensor 
product of the two-dimensional spaces of two spins 1/2, S$; and S,. A possible basis in 
this space is formed from the eigenvectors |e,é,), € = +, of S,, and S,.: 


l++), |+-), |-—+), and |—-). (10.120) 


The physical properties that are diagonal in this basis are 82, 82, S,,, and S,.: 
>, 3 
S;|€€) = 4 l€;€2),  S1,|&&) = &|€ 12), (10.121) 


= 3 
S3\e,@) = 4 |e;€2), Sp, | 82) = &)|€) &). (10.122) 


This basis corresponds to the following choice of complete set of compatible operators: 
{S?, 85, S,,, S>,}. Itis possible to construct another interesting basis using the total angular 
momentum S obtained by adding S, and S,: 


S=S,+5). (10.123) 


Here S is actually the total angular momentum, because it can be used to construct the 
infinitesimal generator in the tensor product space H(, ® A, of a rotation R;(6) by an 
angle @ about the 7 axis: 


UR, (8)] = eS De iSr-A) — iS) (10.124) 


where we have used [Ss e 55] = (). Since S? and 82 are scalar operators, they commute 
with S, and another set of compatible operators is {S2, S?, S?, S,}. We shall show below 
that this set is also complete. Let us find the basis vectors of this new set. Setting 
|1, 1) =|++), we can show that 


SAL = 
Salt, be (S,, +S,,)|++) =0, 
S_|1, 1) = (8, +5,_)]++) =|+—-)+]-+) = V2 |1,0). 
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This last equation defines the normalized state vector |1,0), which satisfies 


S.|1,0) = (8, + $:.)=(|+-)+|-+)) =0. 


1 
al 
Finally, 

1 
We 
S,|1,-—1) = —|1, —1), S_|1,—D =0. 


De 


1,0) = (S,_+S,_)=(|+-)+|-+)) = V2 |--) =v2|L,-1, 


These equations show that the three state vectors 


tll, 1), [1,0), [1,—1)} 


form a standard basis for angular momentum 1. It is sufficient to check the properties of 
the standard basis for S, and S_, because S, = S' and S* = }(S,S_+S_S,)+S?. The 
above calculation shows that we have indeed constructed a standard basis; for example, 


S_|1, 1) = J/jG+1) —m(m— 1) |1,0) = V2 


1, 0). 


Finally, to obtain a basis of A(, @ H,, we need to construct a fourth vector orthogonal to 
the other three: 

1 
J2 
This vector is just the vector |®) (6.15). As it is invariant under rotation, it corresponds 
to angular momentum zero, and it can be verified explicitly that 


|0, 0) = —=(|+-)-|-—+)). 


S.|0,0) =0, $,|0,0) =0. 


In summary, when two angular momenta 1/2 are added, we obtain the angular momenta 
s=1 and s=0. A standard basis of S? and S, is formed from the vectors corresponding 
tos=1: 


\1,1) =|++4), 
s=1 1,0) = (l+-)+|-+)), (10.125) 
[1,-1)=|-—-), 
and s =0: 
s=0 ie ee (ee eee (10.126) 


J2 


Since we have found four orthogonal vectors, they form a basis of H, ® H,, and the set 
of compatible operators is, 83, S?, S.}, or simply {S2, S.}, is complete. The s = 1 states 
are called triplet states and the s = 0 state is called the singlet state. 
As an application, let us rederive the results of Exercise 6.5.4, where we diagonalized 
the operator (@, -G,). This operator is diagonal in the basis {S2, S.}. We have 
Oe 


* Wag 1 A 
S = 7G tH) => +501, (10.127) 
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whence 
G,-G = 28? —31 = [25(s +1) —3] 1. 


The operator G, -G is equal to / in the triplet state and —3/ in the singlet state. We can 
find the projectors P, and Py on the triplet and singlet states: 


from which 


1 — — 
Pg = GUI — OG), iG Ot C1 PD) . (10.128) 


The operator Go, -G> is a scalar operator which commutes with S, but not with the individual 
spin operators S ,; and S>. It should also be noted that the triplet states are symmetric (that 
is, they do not change sign) under the interchange of spins | and 2, while the singlet state 
is antisymmetric under this interchange. 


10.6.2 The general case: addition of two angular momenta I; and I, 


Now let us generalize the preceding discussion to the addition of two angular momenta J \ 
and Jp. The reasoning used in (10.124) can be repeated to show that J=J i+ iE is the total 
angular momentum. As in the preceding subsection, we construct the (27, +1) x (2j,+1)- 
dimensional tensor product space: 


E = E(j,) @E(ja). 
A possible basis of this space is constructed from the eigenvectors 
[Ai j2m, mz) = |j,m)) ® | jm) (10.129) 
common to J?, J2, J,,, and J;,: 
Jt iii) =AGitDlAAmm), 
Js \iimm2) = joi + Dl Aim mn), 
Ji2\A dm Mz) = M,|j,j.m\mM), 


J. 


JijgM,My) = mMy|j, j,m,mz). 


This basis corresponds to the complete set of commuting operators {P. P, Ji ,5 Jn,}. We 
shall construct another basis of € in which the operators {J;, JZ, J’, J.} are diagonal. 
We start with the two following observations. 


e Any vector |j; j.m,mz) is an eigenvector of J, with eigenvalue m =m, +m). 

e If a value of j is allowed, by applying J, and J_ we generate a series of (27+ 1) vectors | jm). 
A priori, we could have several series of vectors of this type, and we use M(j) to denote the 
number of such series for a given value of /. 
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Fig. 10.12. Addition of two angular momenta. 


Let n(m) be the degeneracy of the eigenvalue m of J.. Since m occurs if and only if 
j = |m|, we have (Fig. 10.12) 


n(m) = >>) Nj), 


J2|m| 
and consequently 
N(j) = n(j) —nG +1). 


However, n(m) is equal to the number of pairs (m,, m,) such that m = m,+m,. Assuming, 
for example, that j, > j>, 


0 if |m| > jy +h, 
nm) = 4 f+i+1—|m| if j-j, < msjpt+h, 
2j2+1 if 0 = |m| <j, — Js. 


We then conclude that 
Mj) =1 for ji-psiSAth 


and M(j) = 0 otherwise. To deal with the case j, > j, it is sufficient to replace (j,; — j,) 
by |j, —j,|. We can then state the following theorem. 


The angular momentum addition theorem 


In the tensor product space E = E(j,;) ® E(j,) 
1. The possible values of j are 
li = Jol li; — jo a 1, S098 Si +o So 1, I + Ja; (10.130) 


2. To each value of j there corresponds only one series of eigenvectors | jm): 


J’|jm) = j(j+1)|im), — J,| im) = m| jm). 


(10.131) 
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@ It is instructive to verify that the dimension of € is indeed correct (j, > j>): 


dim€é= Yo (2j+1) 
A-hSiSith 
= Ath) t+h+1) (i Jo NG, +A th) -G-hb-D) 
= (2j,+) 2,41). 


Let us now go from the orthonormal basis |j, j,m,m,) to the orthonormal basis | jm) by 
means of a unitary transformation. The elements of the unitary atts that performs this 
transformation are called the Clebsch—Gordan (CG) coefficients C!'! 


mM; jm? 


|jm) = >, Oe. jm\ Ji Jo). (10.132) 
my+m2=m 
They can be nonzero only if m= m,-+m, and |j, — j,| < j < j, + j,. We choose the 
following phase convention: 


Ci . real > 0, 


mm; j,m=j 


and then by application of J_ it can be shown that all the CG coefficients are real. The 
Clebsch—Gordan coefficients are the elements of a unitary real matrix with the matrix 
indices (m,m,) and (jm). They therefore satisfy the orthogonality conditions 


ji Ja 
Jia Jide == 

>: y. Ci ms pan Scgeay Tn 85 Omm!> (10.133) 

my =—j, m=—j2 
and inversely 
Ath 
Jid2 Cin — 
py : Crnyms; jm Chi jm; jm Daa Oni (10.134) 


Jeli | "=I 
Equations (10.125) and (10.126) give examples of CG coefficients: 
1 


11:10 = Jd 

As an application of angular momentum addition, let us study spin-orbit coupling. Owing 
to relativistic effects, the orbital angular momentum and the spin of an atomic electron, 
for example the electron of the hydrogen atom or the valence electron of an alkali atom, 
are not independent, as we shall see in Section 14.2.2. The total angular momentum of 
the electron is the sum of its orbital angular momentum L and its spin S: 


J=L+S. (10.135) 


The possible values of j then are j =/+1/2 and j =/—1/2 (except if / =0, in which 
case j = s = 1/2). The orbital angular momentum and the spin are coupled by a spin-orbit 
potential: 


V,,(r) = V(“)L-S. (10.136) 
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This potential takes different values depending on whether j = /+1/2 or j=/—1/2. We 
can write 


(L+SP=P=1?+8?+2L-S 
and so 
£3 = 5[iG+1)-0+1)-ss+0)], (10.137) 
which gives for the spin—orbit potential 


iV(r)I for j=1+1/2, 


(10.138) 
—5sV(r)U+1) for j=1—-1/2. 


Vio(r) = | 


10.6.3 Composition of rotation matrices 
The rule for the addition of angular momentum is reflected in a composition law for 
rotation matrices. Let us consider the matrix elements of the rotation operator U(R) taken 
between states | jm) and | jm’) of the type (10.132): 
(jm|U(R) Lm’) = Dyin (R) 


mm 


= y > Cina: imo miys jt didats My |U(R)| A jrmm), 


mM m m', 
from which 
(i) ij iy ja (i) (ir) 
Des (2) — > ys Cnn See Le, (R) Dien, (R). (10.139) 


mM mm’, 


Using the orthogonality relations (10.133) and (10.134) of the CG coefficients, we can 
invert (10.139): 


Jit 
(i) (i2) i ja i Jr (j/) 
Dé (R) Din () a x Cae Co bce me () (10. 140) 
li Jal 


These equations can be interpreted in the following manner. In the space €(/j,) ® €(j2) 
we construct the matrix A(R), the tensor product of DY) (R) and DY (R): 
Dicinssmloid (R) — Ds (2) ® Dy. (2). 


By a change of basis made using a unitary matrix whose elements are the CG coefficients 


JiJ2 : 
Cinimy;jm> the matrix 


A’(R) = CA(R)C™! 
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becomes a block-diagonal matrix: 


Diith) 0 = 0 
CA(R)C*! - 0 DUita-YD 
0 a 0 Di-fl 


In mathematical terms, this is referred to as reducing the product of two representations 
D“%) and D%) of the rotation group to irreducible components: 


DW ® DW = Ditty) a) DMi-2-VY anh D{\i —hl) (10.141) 


10.6.4 The Wigner—Eckart theorem (scalar and vector operators) 


In Section 8.2.3 we defined a scalar operator S as an operator which commutes with J: 
[S, J] =0. Let us examine the matrix elements (j’m’'|S|jm) of S in a standard angular 
momentum basis: 


[8,7] =05 j=}, [S,.d,| =O 9 S270. 
In addition, 
[S, J] =0 => (jm|S|jm) = (j||S||7) is independent of m. (10.142) 


The quantity (j||S||j) is called the reduced matrix element of S. 
Now let us turn to vector operators V, which we have defined in Section 8.2.3. The 
Cartesian components V, of a vector operator transform under rotation as 


U'(R)V,U(R) = Y- RyV;. (10.143) 


By considering infinitesimal rotations, in Section 8.2.3 we derived the commutation 
relations involving the components of angular momentum: 
[Ji VA =1), Cup Vo: (10.144) 
Dp 


Equations (10.143) and (10.144) are strictly equivalent and either can be used to define 
a vector operator. It is convenient to use spherical components V, of V: 


1 | 
—(V,+iV,), Vo=V,, V_.=—(V,—iV,). 10.145 
TE ai 0 vA 1 ro E y) ( ) 
These components are also called the standard components of V, because when V is 
the position operator, V =R, the components 7,7, and 7_, of the vector 7 are just 
the spherical harmonics Y;* and Y? up to a factor of /3/477 (cf. (10.64)). According 
to (10.65), this implies the transformation law 

(RF) = Yo Dyin Ro YPr (10.146) 


m’ 


Y,=- 
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The transformation law of the spherical components of V then is! 


U(R)V,U'(R) = wi (RV, (10.147) 


This can easily be checked using the explicit expressions for D“) and the definition of 
the spherical components. 

Our goal is to relate the matrix elements of the various components of a vector operator 
to the states | jm). To do this, let us study the properties of the vector |1 jqm) = V,| jm) 
under rotation: 


U(R)|1jgm) = U(R)V,U" (R)U(R)| jm) 


— =) Dy De ) (R)\1jq'm’). 
q'm’ 
The vectors |ljgm) transform under rotation in exactly the same way as the vectors 
|i, j.m,m,) with j, = 1, j, = j, m, = q,m, =m. We can then construct the vectors 
~~ Ly F 
Im= >, Com:jin| Lm) (10.148) 
m+q=m 
which transform under rotation as 
U(R) |i) = Yeti). 


This equation shows that the vectors |j7m) form a standard basis of the space E€(7) up to 
a global multiplicative factor. These vectors will not in general be normalized, but they 
will have the same norm for any m: 


(jm\|j'm "1 = —_ 65, 1 O ini’ (J). 
Inverting (10.148), 


j+1 
V, jm) _ |lgjm) = s ce jmlJM), 


j=j-l 


from which 


(jm'|V,|jm) = uC qm; ! sin dm |1j7m) 


1 
= Tehad ym V9 On! mB j= Con I m’ BY, y: 


Defining the reduced matrix element (j’||V,||j) as 


ZIV) = BU’, J) 


'4 We note that the ordering of U and U*, as well as that of the indices, is different from that in (10.143). 
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we obtain the Wigner—Eckart theorem for vector operators: 


(i'm |V, Lim) = CF om FUVILA |. (10.149) 


qm; j/m’ 


All the dependence on the magnetic quantum numbers m, m’, and gq is contained in the 
Clebsch-Gordan coefficient C\! which can be looked up in tables. For fixed /, the 


m:; j/m!? 
only possible values of j’ ae 7= j—-1, j, j+1. This theorem can be generalized to 
irreducible tensor operators; see Exercise 10.7.18. 

As an application, let us calculate the matrix elements of a vector operator when j = /’, 
using the fact that J is a vector operator with matrix elements satisfying (10.149): 


si . —_ pli . is 
(jm |Jq| jm) = Com: jm SIMS LD)- 
This leads to a proportionality relation for the Cartesian components V,: 
(jm'|V;,|jm) = K(jm'|J,|jm). 


To evaluate the constant K, we calculate the scalar product ie V, which is a scalar 
operator: 


(jm|(J-V)| jm) = > (jm|J,|im") (jm"|V,|im) 


k,m" 


= K Yi (jm|J,| jm") jm" |J,|jm) 


k,m"” 
= K(jm|J?| jm) = Kj(j+1). 


Combining these equations, we obtain for the matrix elements of V, 


Galva iw |; (10.150) 


JG+)) 


Since (J-V) is a scalar operator, (jm|(J-V)|jm) is independent of m and equal to the 
reduced matrix element (j||(J-V)||j). 


10.7 Exercises 
10.7.1 Properties of J 
Show by explicit calculation that [J, J,| =0. Also verify the identities (10.5) to (10.9). 


10.7.2 Rotation of angular momentum 


Let & be a rotation (10.30) by angles (0, @). Show that the vector 


U(R)| jm) =e '*e | jm) 
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is an eigenvector of the operator 
J, sin #cos 6 + J, sin # sin b + J, cos 6 = Jit 


with eigenvalue m. Here 7 is the unit vector in the direction (6, @). Hint: adapt (8.29). 


10.7.3 Rotations (0, d) 
Show that the rotation (10.30) (0, ) can be written as 
RO, b) = Ry (ORO), 


where Oy’ is the axis obtained from Oy by a rotation by @ about Oz. Hint: show that 


Ry (9) = RAP) R, (DR). 


10.7.4 The angular momenta j = f and j=1 


1. Use (10.23) to find the operators S,, S,, and S_ for spin 1/2. 

2. Again using (10.23), calculate the 3 x 3 matrix representations of J,, J,, and J, for angular 
momentum j = 1. 

3. Show that for j = 1, J,, J,, and J, are related to the infinitesimal generators (8.26) T,, T,, 
and T, by a unitary transformation which takes the Cartesian components of 7 to the spherical 
components (10.64): J; = U'T,U with 

1 -1 0 1 
U=—~]|-i 0 -i 
v2\ 9 /2 0 

4. Calculate the rotation matrix d“! (6): 

d\) (8) = exp(—i6J,), 


and verify (10.39). Hint: show that J} = J,. 


10.7.5 Orbital angular momentum 
1. Use the canonical commutation relations 
[X;, P;] =i6;,7 
and the expression L =R x P to show that 
[L,, Ly] =iL,. 


2. Prove Equations (10.47) to (10.49). Hint: show that for an infinitesimal rotation by an angle da@ 
about Ox, the angles @ and @ vary by 


cos ae 
tan 0 


dé=-—sindda, dd=— 


Find L, and L, =i[L,, L,]. 
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3. Since L, = —id/d¢, the following Heisenberg inequality should be valid: 


1 


A@AL, > =. 
oAL. > 5 


In an eigenstate of L, where m is fixed AL, = 0, whereas Ad < 27 since 0 < @ < 277. The 
Heisenberg inequality is therefore violated in this state. Where is the flaw in this argument? 
Hint: see Exercise 7.4.3, question 2. Why does the argument of Exercise 9.7.1 break down? 


10.7.6 Relation between the rotation matrices and the spherical harmonics 
1. Let g(7) = g(x, y, z) be the wave function of a particle. Show that 
(e~'**=@) (0, 0, z) = (0, 0, z) 
and that if a particle is localized on the z axis, the z component of its orbital angular momentum 
is zero. Interpret this result qualitatively. 


2. We assume that the orbital angular momentum of the particle is / and write the wave function as 
the product of a spherical harmonic and a radial wave function g,(r) depending only on r = |r|: 


Pim(F) = Y/"(8, b)gi(r) = (8, bllm)g,(7). 
We are interested uniquely in the angular part. Using 
|0, b) = UR)|9 =0, 6 = 0), 
where & is a rotation by the angles (6, @), show that 
¥;"(0, &) « [ DYi(6, &)] - 
It can be shown that the proportionality coefficient is J (21+ 1)/(4m): 


21+1 
4a 


* 


vi"(0, 6) = [Dro(4. 4) | 


10.7.7 Independence of the energy from m 


Assuming that the potential V(r) is invariant under rotation, let y,,, be a solution of the 
time-independent Schrédinger equation: 


AW), = Eim Vim a 


Use the commutation relation [L.,, H] =0 to show that the energy E,,, is in fact indepen- 
dent of m. 
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10.7.8 The spherical well 
1. We are given a potential V(r) which is spherically symmetric (see Fig. 12.4): 
Vir)=—-VY, O<rK<R, 
= 0, r>R, 


called a spherical well. Find the equation giving the s-wave (/ = 0) bound states. Is there always 
a bound state? Compare with the case of a one-dimensional well. 

2. The neutron—proton potential can be modeled by a spherical well of radius R ~ 2 fm. There is 
a single neutron—proton bound state in the s-wave, namely, the deuteron,'> with binding energy 
B~2.2 MeV. Calculate the depth V, of the well needed for there to be just a single bound state. 
Compare V, with the binding energy and show that Vy > B. 

3. Find the s-wave energy levels of a particle in the potential 


A B 
VOY = A,B> 0. 
r r 


10.7.9 The hydrogen atom for 140 


1. Write down the equation that generalizes (10.89) when the orbital angular momentum / + 0. 
Show that it is necessary to add to (10.91) the term 


a a : 
=I(1+1) E 4. Sa] 
k=1 


2. Prove the recursion relation 


2(ak —1) 
a, = a 
ee hk a) 
and derive 
1 
ea=-, 
n 
ek>/4+1, 


so that 7+ 1 <k <n. Show that the spectrum of the hydrogen atom is given by (10.93). 


10.7.10 Matrix elements of a potential 


The external electron of an atom is assumed to be in a p state (J = 1). Its wave function 
is 
a m u (7) 
Wim (F) = ¥i"(0, 6) ——. 


r 


It is placed in an external potential of the form 
V(r) = Ax” + By? —(A+B)2z’, 


where A and B are constants. 


'S Tn fact, the deuteron also has a small d-wave component. 
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1. Show without calculation that the matrix representing V in the basis |/m) has the form 


a 0 £8 
Va m— 0 Y 0 ’ 
B Oa 


where the rows and columns are arranged in the order m’, m = 1,0, —1. 
2. Determine the eigenvalues and eigenvectors of V. Show that (L,) = 0 in an eigenstate of V. 
3. Use (10.63) to calculate a, B, and y explicitly as functions of A, B, and 


ba] \u,(r)|?r?dr. 
0 


10.7.11 The radial equation in dimension d = 2 


We wish to write the equivalent of (10.78) in two-dimensional space when the potential 
is rotationally invariant. The time-independent Schrédinger equation is 


[sg Mn | He) = BUG 


We use polar coordinates in the plane xOy: 
K=Sroos?,. v= rsin’. 


We recall the expression for the Laplacian in polar coordinates: 


and the expression for the angular momentum 


L, = XP,—YP, = -ix.. 


1. Show that the eigenfunctions of L, have the form exp(imé). 
2. We seek solutions of the Schrédinger equation of the form 


" ls 
Wam (1) = Fee am): 


Show that w,,,,(v) and E,,,, satisfy the radial equation 
id? m+1/4 
si dr2 a V(r) A ~ OMr2 ~ Unm() = Eun (7). 


What is the interpretation of n? What is the behavior of u,,,,(7) when r > 0? 


10.7.12 Symmetry property of the matrices d) 


Using the operator Y (10.100), demonstrate the symmetry property of the rotation matrices 
d\) (8): 
ds, (B) = (= Baka ne (—B). 
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10.7.13 Light scattering 


1. Let us resume the study of the radiative transition A* > A+y with j = j(A*) =1 and j’ = 
j(A) = 0. Show in the electric dipole case that the transition amplitudes are the following for 
an initial state m= 1 when circularly polarized photons are emitted in the plane xOz with 
momentum p making an angle 6 with the z axis: 


1 
a™'(6) = 5 all +008 6), 
m=1 1 
a; (a) = zal —cos 6). 


Generalize to the case where the photon is emitted in the direction (0, ¢). 

2. We assume that photons of momentum p || Oz arrive on the atom in its ground state A. The atom 
absorbs a photon and makes a transition to its excited state A*. It then returns to the ground 
state by emitting a photon in the plane xOz at an angle 6 with respect to Oz. We use b to denote 
the absorption amplitude of a photon of right-handed circular polarization R: 


b= = 1, =1/7"|R). 
Show that if the transitions are of the electric dipole kind, we also have 
b=(j=1,m=-1|T'L). 


Let cp_,p (0) be the transition amplitude for the scattering of the initial photon of circular 
polarization P (P = R or L) at an angle 6 with final polarization P’. Show that 


b 
Cp.p (0) = mae + cos 0), 


where the + sign corresponds to P = P’ and the — sign to P ¥ P’. Derive the transition amplitudes 
for linear polarization |x) of the initial photon and linear polarization |x’) or |y) of the scattered 
photon, defined with respect to the photon propagation direction: 


Cy+y (0) = abcos 86, 
c,.5(8) = 0. 


Give a classical analogy which also leads to a cos” @ angular distribution with radiation polarized 
in the plane xOz. Generalize to the case where the photon is emitted in the direction (0, ¢). 


10.7.14 Measurement of the A° magnetic moment 


The A®° is a particle of zero charge, mass M ~ 1115 MeV eo: spin 1/2, and lifetime 
T~2.5x 107! s. One of its principal decay modes (66% of cases) is 


A° -— proton+ 7 meson, 


where the proton has spin 1/2 and the 7 meson has spin 0. 
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1. In the reference frame where the A° is at rest, we assume that the proton is emitted with 
momentum p in the direction Oz, chosen to be the angular momentum quantization axis. Let m 
be the projection of the A° spin on the z direction and m’ be that of the proton. Why must we 
have m = m’? Let a and b be the probability amplitudes of the transitions 


I eee 
a: A® (m= 5) — proton (mw =5: P || 0). 


1 | Pia 
b: A® (m= =) > proton (w =-5; P || 0:). 


Show that |a| = |b| if parity is conserved in the decay. Hint: examine the action of a reflection 
with respect to the plane xOz. 

2. The proton is now emitted with momentum p in the plane xOz parallel to the direction 7 making 
an angle @ with Oz. Let m’ be the projection of the proton spin on the direction n and a,,,,,(0) 
be the amplitude: 


1 
Bntm(O): A° (m = 5) — proton (m’; p || 7). 


Express 


ay (8) =4,,(0) and a_y 40) =a_,(8) 


Nie 


11 
2° 2 
as functions of a, b, and 6. 


3. We assume that the A° is produced in the spin state m = 1/2. Show that the proton angular 
distribution is of the form 


w(@) = wo(1 + acos 8). 
Calculate a as a function of a and b. Experiment shows that 
a ~ —0.645 +0.016. 


What can be concluded about parity conservation in the decay? 
4. The A° is produced by bombarding a target of protons at rest by a m7~-meson beam in the 
reaction (Fig. 10.13) 


a meson+ proton — A°® + K° meson. 


Fig. 10.13. Kinematics of A° production. 
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By momentum conservation, p,-, P,o, and Pxo are located in the same plane. We choose the 
axis Oz to be perpendicular to this plane: 


ee Pu- X Pao 

[Pa- X Paol’ 
and the axis Oy to be the direction p,o of the A° momentum. Given that parity is conserved in 
the production reaction and that the target protons are not polarized, show that if S is the A° 
spin operator, then the average values of the components S, and S,, are zero: (S,) = (S,) = 0. 

5. To simplify the situation, we assume that!® (S,) = 1/2 and that all the A° have the same lifetime 
T and decay at the same point. The system is located in a uniform, constant magnetic field B 
parallel to Oy. The A° possesses a magnetic moment fi related to its spin S by the gyromagnetic 
ratio y: f= ys . Qualitatively describe the motion of the A° spin. Determine its orientation at 
the instant the decay occurs as a function of 7, B, and y. Show that the angular distribution of 
the proton emitted in the decay is 


w(8, d) = wo(1 + acos O) 
with 
cos ® = cosA cos @+sin Asin 6 cos d, 
where the angles 6 and ¢ are the polar and azimuthal angles of the proton momentum. What 
is the value of the angle A? Show that determination of w(@, @) allows measurement of the 


gyromagnetic ratio y. Neglect the curvature of the proton trajectory due to the magnetic field 
as well as the transformations of angles due to the motion of the A°. 


10.7.15 Production and decay of the p+ meson 


1. The pt meson is a particle of spin 1 which decays into two m mesons, particles of spin 0: 
pt at+ 7. 


We choose a reference frame in which the pt meson is at rest, and assume that its spin is 
quantized on the z axis and that it is initially in the spin state |lm), m = —1, 0, 1. Let 


an (9, b) = (8, p|T|1m) 


be the transition amplitude for the decay of a pt meson in the initial state |1m) with emission 
of a m+ meson in the direction characterized by the polar and azimuthal angles (0, @). Show 
that it is possible to write 

a,(8, 6) = a| DY9(0, $)] - 
What is the physical significance of a? Find the angular distribution W,,,(0, &) of the 7 meson, 
that is, the 7* emission probability in the direction (6, 6) when the p* meson is initially in the 
state |1m). Show that W,,,(0, @) is independent of (why?) and give its explicit expression as 
a function of 0 for the three values m = —1, 0, 1. 


'© In fact, |(S,)| < 1/2 and we should use the state operator formalism for spin 1/2; see Section 6.2.2, where the Bloch vector 
b is identified with 2(S). 
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2. If the initial state of the pt meson is a linear combination of the states |1m), 


IAy= YY end), YY leml? = 1, 


m=—1,0,1 m=—1,0,1 


what will the angular distribution W, (0, @) be? 
3. In general, the p* is not produced in a pure state, but in a mixture described by a state operator p: 


p=DUPIAAL Paz0, DI Pa=l. 
A A 
Show that the angular distribution is then 
Lae 
W(8, b) = Poo cos” 0+ 5 sin’ 0 (pi, +p-1,-1) 


+ sin 20 Re (p_ye “® — pie") — sin” @Re (p,_,e"*). 


V2 


4. The p* meson is produced in the reaction 7* meson (p,) + proton (p =0) — p* meson (p,) + 
proton (p;), where p; denotes the particle momentum. We choose the normal fi to the reaction 


plane as the z axis: 

._ PiX Po 
LS 
IP X Po| 


The parity IT is conserved in this reaction and we assume that the target protons are not polarized. 
Show that the expectation value (J) = Tr(pJ/) of the p* spin points in the direction n: (J) = cn. 
Show that 


Tr(pJ,) = Tr(pJ,) = 0. 
Use the fact that the kinematics of the production reaction is invariant under the operation 
Z=Mei™, [p,2]=0, 
to show 
Bien = pinay: 


so that p in fact depends only on four real parameters and has a checkerboard pattern 


Pi 0 Pi,-1 
0 Poo 0 
Pi O pi 


10.7.16 Interaction of two dipoles 


The interaction Hamiltonian of two magnetic dipoles carried by particles of spin 1/2 is 
written as 


K Be vaste At a ts K 
H = 5[36-Mé-A)- 8-H] = F5Sp. 
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where 7 is the vector joining the two dipoles and a, and Go, are the Pauli matrices of 
these particles. Let 


=e er ee 
X= 5(G, +04) 
2 
be the total spin. Show that 
Sy =2(30-3), @=C-7%, 


and that Q* = Q’, ie., Q’ is a projector. Show that S7, = 43? —2S,, and that the 
eigenvalues of S,, are 0, 2, and —4. 


10.7.17 &° decay 


The >° particle is composed of an up quark, a down quark, and a strange quark and has 
mass 1192 MeVc~? and spin 1/2. It decays via a radiative transition to a A° particle, 
also composed of an up quark, a down quark, and a strange quark and having mass 
1115 MeV c~ and spin 1/2: 


So Al ey 
The >° is assumed to be at rest, its spin is quantized along the z axis, and the spin 


projection on this axis is m. The photon momentum /p lies in the plane xOz and makes 
an angle @ with the z axis. 


1. First we assume that the photon is emitted in the z direction (0 = 0). If m’ is the projection of 
the A° spin on Oz, show that the nonzero amplitudes are (7 is the transition operator) 


1 
ae (Ron = : 


§=0|T|m = ~) 
fa oi ——s re al 


1 1 
b= (L,m' = =;0=0|T|m=-—-), 
2, 2 


while 
(R, m’ : 6 =O|T| - 0 
— 5 m= = — mi=--)> = 5 
c 2 2 
: 1 1 
d = (L,m' =—=;0=0|T|m=—-~) =0, 
2 ) 
in other words, m’ = m is forbidden and the allowed transitions correspond to m’ = —m when 


0 =0. The notation (R, L) specifies the right- or left-handed circular polarization state of the 
photon. 

2. The transition operator T is invariant under the parity operation. Show that |a| = |b]. If 7 is the 
product of the =° and A° parities, also called the relative parity of the two particles 


1 = NyoNyo, 


show that a = nb. Experiment gives 7 = 1 and soa=b. 
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3. We assume that the initial value of the projection of the £° spin is m = 1/2. Let a” (6) and 
a” (0) be the transition amplitudes, where m’ is the projection of the A° spin on the direction 
of p, and therefore the eigenvalue of S-p. Calculate a” and a’ as functions of a and 6. What 
are the allowed values of m’? 


10.7.18 Irreducible tensor operators 
An irreducible tensor operator of order k, T“), possesses (2k + 1) components i 
q=—k,—k+1,...,k-1,k 
and transforms under a rotation ® as 


KIO R= FD Or. 
- 


Show that the vector 
|kjqm) = T\| jm) 


transforms under rotation as the vector |j,j,m,m,) with j, =k, j, = j, m, =q, and 
m, =m. Using the vectors 


~~ kj : 
|kjjm) = YS) Ch smlkjam) 
qt+m=m 


as intermediaries, prove the general form of the Wigner—Eckart theorem: 
J , ‘4 . val + . 
(j'm'|T)? |jm) = Concrm FT |Lim) 
and show that 


lj—k| <j’ <j+k. 


10.8 Further reading 


The presentation in this chapter, inspired by that of Feynman et al. [1965], Vol. III, 
Chapters 17 and 18, places particular emphasis on the properties and use of the rotation 
matrices. For a more classical presentation the reader can consult Messiah [1999], Chap- 
ter XIII, Cohen-Tannoudji et al. [1977], Chapter VII, or Basdevant and Dalibard [2002], 
Chapter 10. Numerous applications to elementary particle physics can be found in the 
book by S. Gasiorowicz, Elementary Particle Physics, New York: Wiley (1966). In addi- 
tion, Chapter 4 of that book describes the Wigner analysis based on invariance under 
the Poincaré group, which shows in particular that a particle of zero mass has only two 
helicity states, whatever its spin. On this last subject see also Weinberg [1995], Chapter 2. 
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The harmonic oscillator 


The harmonic oscillator describes small oscillations about a stable equilibrium position, 
and is a very important system in classical mechanics. It is just as important in quantum 
mechanics. To be specific, let us consider a simple example of motion in one dimension, 
the vibration of a diatomic molecule whose two nuclei have masses m, and m,. We choose 
the line connecting the two nuclei as the x axis and use x = x, — x, to denote the relative 
particle coordinate (Exercise 8.5.6). At equilibrium the two nuclei are separated by a 
distance x = xp. In classical physics the Hamiltonian of the relative particle is written as 


P 
Ay, =—+V(x), i 
2m 


where m = m,m,/(m,+mz,) is the mass of the relative particle. We expand V(x) in a 
series about x = Xp: 


V = V(X) + (x — Xo) VW (Xo) + . (f= Xo) V" (Xo) sa 


The constant V(x,) is in general uninteresting and we can set it equal to zero by 
redefining the zero of the energy. Since x, is an equilibrium position V’(x)) = 0, and if 
this equilibrium position is stable V’(x,)) > 0. Setting 


” jc 
Q=HX—-X%, C=V' (mH), wW=,/—., 
m 


the classical Hamiltonian (11.1) becomes 


(11.2) 


where w is the frequency of oscillations about the equilibrium position. 

We shall start with the simplest example, that of an isolated oscillator. In Section 11.1 
we study the quantum version of this case using a particular basis, that of the energy 
eigenstates. Another “basis,” that of the coherent states, will be studied in the following 
section. It has many applications in quantum optics. A slightly more complicated case 
is that of coupled oscillators, which also has important applications. An example will be 
given in Section 11.3, where we study a simple model of vibrations in a solid which will 
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allow us to introduce the concept of phonon. The generalization to photons will also be 
discussed for a simple situation. 

It might be surprising to find, in the last section of this chapter, a study of the motion of 
a charged particle in a magnetic field. We shall see that in the case of constant magnetic 
field the equations of motion become those of two independent harmonic oscillators. We 
will define local gauge invariance, which fixes the form of the interaction of a charged 
particle with an electromagnetic field, and then study the energy levels in a magnetic 
field, called the Landau levels. 


11.1 The simple harmonic oscillator 
11.1.1 Creation and annihilation operators 


Our starting point will be the Hamiltonian (11.2). It can be carried over to quantum 
mechanics if p and q are interpreted as operators: p — P, q — Q, and the canonical 
commutation relations are imposed: 


[O, P] = inl. (11.3) 


As is often the case in physics, it is useful to define dimensionless quantities, and so we 
introduce the dimensionless operators P and Q: 


h 1/2 7 , 
o-(—) QO, P=(mho)'”P, (11.4) 


M@ 


which obey the commutation relation 
[O, P] =il. (11.5) 


We shall construct the eigenvectors of H by an algebraic method similar in spirit to that 
used for angular momentum. It is based on the principle of introducing the operators a 
and a’, respectively called the annihilation (or destruction) operator and the creation 
operator of the harmonic oscillator, which take us from one eigenvalue of H to another, 
reminiscent of how J_ and J, take us from one eigenvalue of J, to another. We therefore 
define the operators! 


(O+iP), (11.6) 


(O-iP). (11.7) 
The commutation relations of a and a‘ can be obtained by direct calculation: 


[ee [=F ls (11.8) 


' Tn order to conform to the standard notation, we depart from our rule of denoting operators by upper-case letters. 
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as can three useful expressions for H: 


ae ae io of 1 
H = sho (P40) =no(a'a+5) =no(v +5) (11.9) 


2 


We have introduced the operator N, called the number operator: 
N=a'‘a |, (11.10) 

which satisfies the following commutation relations with a and a’: 
[N,a]J=—-a, [N,a']=a'. (11.11) 


Using (11.9), we see that diagonalizing N is equivalent to diagonalizing H. 


11.1.2 Diagonalization of the Hamiltonian 


Let us assume that we have found an eigenvector |v) of N which is normalizable but not 
necessarily of unit norm and has eigenvalue v: 


N|v) =v|v). 
We must have v > 0; actually, 
0 < |lalv) |? = (vla‘alv) = (v|N|v) = v(r|), 


which implies that if vy = 0, then a|v) = 0. In the contrary case, a|v) is a vector of squared 
norm v(v|v), and it is an eigenvector of N with eigenvalue (v — 1) because it can be 
shown using (11.11) that 


Na||v)] = a(N — 1)|v) = (v— Daly) ]. 


Finally, a'|v) is certainly a non-null vector; it has squared norm (v+1)(v|v) and is an 
eigenvector of N with eigenvalue (v+1). On the one hand 


0 <|la" |p|? = (vlaa"|v) = (o|(N +1)|v) = + DIP), 
while on the other 
N[a‘|v)]=a'(N+1)|v) = (V+ D[a'|p)]. 


If v > 0, we have seen that a|v) is an eigenvector of N with eigenvalue (v— 1). If 
(v—1) =0, then a*|v) = 0. If (v—1) > 0, we can construct a non-null vector a?|v) of 
eigenvalue (v — 2) and continue the process if (v —2) > 0. The set of vectors 


a’|v), a'|v), a’|v),..., a? |v)... 


> This terminology will be justified in Section 11.3.1. 
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is a set of eigenvectors of N corresponding to the eigenvalues 
v,v—l,...,(v—p)... 


This shows that v is necessarily an integer. If it were not, (v — p) would become negative 
for p sufficiently large and the vector a’|v) would have negative norm. The series must 
therefore terminate at an integer v = p such that the vector a?*'|v) =0. 

The set of vectors 


(a‘)"|v), (a")'|»), (a")"|v),...5 (a")?|v) ... 
forms a set of eigenvectors of N corresponding to the eigenvalues 
v,vt+l,...,(v+p)... 
In summary, the eigenvalues of N are integers: 
WOOL Der ceehe ome 
We use |n) to denote an eigenvector of N corresponding to the eigenvalue n: 


N|n) =a‘a|n) =n|n), 1 BS ie) 


or, equivalently for H, 


(11.13) 


(11.14) 


In contrast to the case of the classical oscillator, the ground-state level E,) is nonzero 
rather than zero, as would be expected for a particle at rest at the equilibrium position. 
The value Ey = hw/2 is called the zero-point energy of the harmonic oscillator. This can 
be explained qualitatively using the Heisenberg inequalities (Exercise 9.7.4). We warn 
that the ground-state eigenvector |0) should not be confused with the null vector of the 
Hilbert space H, |p~) = 0! We also note that the energy levels are equidistant from each 
other, and this is what is found experimentally in a first approximation for the vibrational 
levels of a molecule. 

The vectors |n) are of course orthogonal if n 4 n’, and from now on we assume that 
they have unit norm. We still need to show that they are nondegenerate, that they form a 
basis in the Hilbert space AH’, and above all that N has at least one eigenvector, which is 
not guaranteed for an operator, even a Hermitian one, in a space of infinite dimension. 
In the following section we shall explicitly construct the vector |0) and show that it is 
unique. This will be sufficient for showing that the series of vectors 


[0},. a?" 10), fat y?]0),......(a")* 10... (11.15) 
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is unique. Actually, we can argue recursively, assuming that the vector |n) is nonde- 
generate. Let |n +1) be an eigenvector of N corresponding to the eigenvalue (n+ 1): 
N|n+1) = (n+1)|n+1). Then, with c a nonzero complex number, 


ca’ 


wea 


a|ln +1) =c|n) > a’aln+1) =ca'|n) > |n+1) = 


which shows that |n +1) « a"|n). Therefore, if |0) is unique, which we shall prove to be 
the case in Section 11.1.3, the vector |) is also unique up to a phase. 

As in the case of the standard angular momentum basis | jm), it is convenient to fix the 
relative phase of the eigenvectors of H once and for all. If |n) has unit norm, the vector 
a‘|n) has norm /n-+ 1 and consequently 


a’|n) =e J/n+1 |n+1). 


The simplest choice of phase is a = 0 and we then have 


a'|n) = J/n+1 |n+1), (11.16) 
aln) = Jn |n—1). (11.17) 


Equations (11.16) and (11.17) display the creation and destruction role of the operators 
a‘ and a: the operator a’ increases n by unity, while a decreases n by unity. The vectors 
|n) are derived from |0) by 


|n) = aly \0) |. (11.18) 


Vn! 


We still need to show that the vectors |n) form a basis of H. This important issue is the 
subject of Exercise 11.5.1. 


11.1.3 Wave functions of the harmonic oscillator 


In wave mechanics, the Hamiltonian of the harmonic oscillator is written as 
(11.19) 
The wave mechanics representation of Q in (11.4) is the dimensionless variable u, 


ny? d d 
7= —) u, —ih— =—i(hmw)'” —, (11.20) 
dq du 


Mm 
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and the Hamiltonian (11.19) becomes 


a 
H=-ho -Z+e| (1121) 


We could have obtained this form of H directly starting from the first of Equations (11. 9) 
and using the fact that wu and —id/dw are just the realizations of the operators QO and P in 
the space L°)(IR). We could directly seek solutions of 


2 


1 d 
H@,,(u) = ane s+ p, (u) = E,¢,(u) (11.22) 
with ¢,(u) = (u|n), but instead we shall limit ourselves to showing that the vector |0) 
is unique, a feature which we need to check. Since (u|0) = @p(u), the equation a|0) = 
becomes 


(uialo) = | ue £ | aula) =0. 


which can be integrated immediately to give 


1 —u 
go(u) = Ze oe (11.23) 


The factor 7~!/* ensures that g,) is normalized to unity. This solution is unique, which 


proves that the eigenvectors given by the series (11.15) are nondegenerate. It can be 
verified immediately that @)(u) obeys (11.22) with eigenvalue hw/2. The function gp (u) 
possesses the property characteristic of a ground-state wave function: it does not vanish 
or, equivalently, it has no nodes. 

Finally, let us determine the explicit form of the wave functions ¢,(u) = (u|n). We 
multiply (11.18) written as 


] ayn 
In) = = (2-iP) 0) 
on the left by the bra (u|: 
I d \" =u? /2 
P,(u) = (uln "= aS ced (11.24) 


The functions @,(u) are orthogonal for n 4 n' and normalized to unity because 


(n|n') = 6,,. The functions defined in (11.24) are related to the Hermite polynomials 
H,,(u): 
—u? /2 d\" —u? /2 
e H,(u)=|(u-—]e (11.25) 
du 
as 


eo? A (u). (11.26) 


364 The harmonic oscillator 
The first few Hermite polynomials are 
H,(u)=1, H,(u)=2u, H,(u) =4u? —2. 


In summary, we can compile a “dictionary” which allows us to go from the “N repre- 
sentation” of Section 11.1.2 to the representation of Section 11.1.3 using as eigenstates 
of H the wave functions ¢,,(u). In the following summary the first equation is written in 
the basis |n), and the second is the equivalent equation in wave mechanics. 


e The eigenvalue equation: 


2 
; (P° +0") \n) = G 5) ln) => ; @ +e) ~,(u) = (+5) ’, (u). 


e The orthonormalization relations: 
(n|m) = Opn = / du P, (U) Pn (u) = Oris 
e The completeness relation: 


Dla) (nl = 1 => De, (Weg; (v) = d(u- v). 


Complex conjugation is in fact superfluous because the functions ¢,,(u) are real. 


11.2 Coherent states 


Coherent states, or semi-classical states, are remarkable quantum states of the harmonic 
oscillator. In these states the expectation values of the position and momentum operators 
have properties identical to the classical values of position g(t) and momentum p(t). 
Exercise 11.5.3 shows that the expression for coherent states follows from the requirement 
that the dynamics of the quantum expectation values of Q, P, and H be identical to that 
of the classical variables. Below we shall give an a priori definition of these states. Let 
z(t) be a complex number, a combination of g(t) and p(t): 


z(t) =f 7 al)+ — pl). (11.27) 


Starting from the classical equations of motion 


ea 2403 


= t), - t 11.28 
oe = — p(t), 22 =-mo*a(h), (11.28) 
we show that z(t) satisfies the differential equation 
d 
<< = -~iw2(t), (11.29) 


dt 
which has the solution 


—iwt 


At) =25e 
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The complex number z(t) traces out a circular trajectory in the complex z plane with 
uniform speed. From z(t) we can derive the position g(t), the momentum p(t), and the 


energy of the oscillator: 
2h 
q(t) = / ——~ Rez(t), 
mao 


p(t) = V2mhw Im z(t), (11.30) 
E = fo|z,|’. 


It is easy to show that the expectation value (a)(t) of the annihilation operator a satisfies 
the same differential equation as z(t) (Exercise 11.5.3). This suggests that we seek the 
eigenvectors of the operator a, which we shall show do exist,’ because the corresponding 
eigenvalues will then obey (11.29). These eigenvectors will in fact be the coherent states. 
A coherent state |z) is defined as 


Iz) =e 2 Ss <= In) He HPP e190) |. (11.31) 


n=0 n} 


Let us list some properties of coherent states, after verifying that |z) is an eigenvector 
of a. 


e The coherent state |z) is an eigenvector of the (non-Hermitian) annihilation operator a with 


aizh = 212) || % (11.32) 


This can be proved using (11.31) directly, but it is also possible to use the identity (2.54) of 
Exercise 2.4.11, which here we write as 


eigenvalue z: 


a'z —a'z 


e““ae“* =a+z[a',a]=a—z, 
gtlts = (a—z)e"®. 


It is sufficient to apply both sides of the last equation to the vector |0) to obtain (11.32). 
e The vector |z) has unit norm: (z|z) = 1 and the squared modulus of the scalar product (z|z’), 


[Xzlz’}|? =exp (—|z=z’/?), (11.33) 


is a measure of the “distance” between two coherent states. 
e The probability distribution of n is given by a Poisson distribution: 


2n 
pin) = Kala)? = 2 ee, (11.34) 


n! 


which gives the expectation value (n) = |z|? and the dispersion An = |z|. 


3 Tt is not evident a priori that a, which is not a Hermitian operator, has eigenvalues, and even less that these eigenvectors 
form a basis of H. 
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e The action of exp(AN) on a coherent state, where A is purely imaginary (|expA| = 1), again 
gives a coherent state: 


n co n 
AN|,\ _ ,AN ,-I2|?/2 < — a-lel?2/2 oan 
e ee n)=e ——e""|n 
ae Lam ae 


n=0 nN. n=0 


= Pay (ez) 3)" |n) = |e*z) (11.35) 
=€ n e"Z). : 
n=0 Vn! 
The relation | exp A| = 1 has been used only to obtain the last equality. 
e The coherent states form an “overcomplete” basis: 


[ee VE (11.36) 


To prove this identity, we sandwich it between the bra (n| and the ket |m). Setting z = pexp(i0), 
we have 


nem 
ZZ 


|e ercatn) = pap | — >= dO _ 


ln do n+m P 
=] pdp pf — a eiln—m)0.—p —6§ 


nm? 


where we have used the change of variable p* = u and 


f duu"e “=n 


A direct consequence of (11.36) is that the “diagonal matrix elements” (z|A|z) are sufficient to 
completely define an operator A (Exercise 11.5.3). 


These properties allow us easily to calculate the expectation values: 


lol) = J ca (a+a' i= jE Ree 


(z|P|z) = V2hme Imz, (11.37) 
(elH|z) = he (er +5). 


This is the classical result (11.30) if we ignore the zero-point energy hw/2 in the 
expression for (H). Moreover, if the state of the harmonic oscillator is a coherent state 
at time tf = 0, this property is conserved by the time evolution. Let us assume that the 
oscillator at time t = 0 is in the coherent state |g(t = 0)) = |z,) and calculate |g(t)): 


g(t =e iit/h Zz = e iot/2 e iat z — e ivt/2 z e iat ; (11.38) 
0 0 0 


where we have used (11.35). We obtain the classical evolution z(t) = z)exp(—iwt) up 
to a phase exp(—iwt/2) multiplying the state vector. If we start from a coherent state 
at time tf = 0, the evolution of the expectation values (Q), (P), and (H) follows very 
exactly the classical evolution of g(t), p(t), and E. We have therefore shown that the 
expectation values in a coherent state obey the classical laws. 
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It is also instructive to calculate the dispersions. Let us evaluate, for example, (Q7) in 
the coherent state |z): 


h h 
(O°). = —— (gla + (a')’ aa‘ +a‘a|z) = —— (z\a’ + (a') +2a'a + 1|z) 
2mw 2m@ 


= — [l+(c+z*)] = — [1+4(Rez)’]. 


A similar calculation (Exercise 11.5.3) gives (P”) and (H*), from which we derive the 
dispersions‘ in the coherent state |z): 


(11.39) 


The dispersion A.H can be obtained from (11.34) using AH = hwA_N and A,N = An= 
\z|, but it is also possible to calculate (z|N7|z) directly. We note that the Heisenberg 
inequality is saturated in a coherent state: A,.Q A.P = h/2, and for |z| > 1 
A 1 0 if (Zl 
Se Se 1 2 = OS, 
(H) {eI 
In summary, for |z| >> 1 the dispersions about the expectation values are the smallest 
possible. 


11.3 Introduction to quantized fields 
11.3.1 Sound waves and phonons 


When the vibration amplitudes are small, a system of coupled oscillators can be decom- 
posed into normal modes and treated as a set of independent harmonic oscillators. An 
interesting case is that of vibrations in a solid, and we shall use it to introduce quantized 
fields. The first quantum model of vibrations in a crystalline solid was constructed by 
Einstein, who assumed that each atom can vibrate independently of the others about 
its equilibrium position with a frequency w. In quantum physics each atom is therefore 
associated with a quantized harmonic oscillator of frequency w. This model was the first 
to qualitatively explain the behavior of the specific heat of solids at low temperature: 
whereas the Dulong—Petit law predicts a specific heat independent of temperature, exper- 
iment shows that in fact this law is valid only at a sufficiently high temperature, and 
the specific heat actually decreases with temperature. However, the Einstein model does 
not give quantitatively correct results. This is not surprising, because the hypothesis of 
independent atomic vibrations is not realistic. If it were the case, vibrations would not be 
able to propagate in a solid and there would be no such thing as sound waves. 


4 We shall use either notation (AP, AQ) or (Ap, Aq) for the dispersions, as there is no possible ambiguity. 
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Let us study the simplest possible model of a chain of coupled oscillators, limiting our- 
selves to the case of one dimension. At equilibrium N atoms are located at regular intervals 
/ along a line. The N equilibrium positions have abscissas x, =nl,n=0,1,..., N—1. It 
will be convenient to use periodic boundary conditions x,,, y = x,, but it is also possible to 
take vanishing ones: X) = X,y,, =0. As before, we shall use q,, to denote the displacement 
from equilibrium of the nth atom. The coupling between the nth and (n+ 1)th atoms 
is described by the term (K/2)(q, — 4,41)’, where K is a constant, and the classical 
Hamiltonian of the ensemble is 


N-1 


P;, 
Ay = a ye Im pi 9 K Lo (nti = In) B (1 1.40) 
n=0 


This is in fact the Hamiltonian of N identical masses m connected by identical springs 
with spring constant K (Fig. 11.1). In (11.40) p, = mq,, is the momentum of the atoms. 
The first term in H,, is the kinetic energy and the second is the potential energy. The 
equations of motion corresponding to the Hamiltonian (11.40) are written as 


M4), =—K [(n _ In—1) a (dn a Qn) | : (1 1.41) 


Let us begin with the classical problem. To decouple the modes gq, we seek the normal 
modes by taking the discrete (or lattice) Fourier transform of gq, and p,,: 


mace? 3 
he = aoe m In = D1 Uind k=jx 57, j=0,..5N-1 (11.42) 


To reduce the amount of notation we have not used gq, to designate the Fourier transform, 
as the subscript k or n allows the Fourier components q, and positions q,, on the lattice to 
be unambiguously distinguished. The matrix U,,, performs a discrete Fourier transform, 
and it is a unitary matrix: 


1 ss 1 ZU ie 
2 5am ke = X Un Ugin = W ae ek an = N 2 aru = I 


_ 1 l-expQinG J) 


~ N l—expQinG—j)/N) 2” 


In-1 Qn Gn+1 Gn +2 
a wh naib ia ey AS 
7 f 
|g l — l —_ l >! 
x 
Xn-1 Xn Xn+1 n+2 


Fig. 11.1. Model for vibrations of a solid: a chain of springs. 
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that is, noting that U! Ep UL, = U_pes 


yin Tne = Yo nO iin = See (11.43) 


The range of variation of k is 


which is the first Brillouin zone already encountered in Section 9.5.2. Since we assume 
that N > 1, we neglect edge effects. The unitarity of the U,,, allows us to write down the 
inverse Fourier transform of (11.42): 


1 T/L 


In o en gy, =LU, Gay U Gp. (11.44) 
rt 5 nk‘Ik — ; kn‘tk 


k=-T/1 


The Fourier transform (11.42) and its inverse (11.44) also apply to the momentum; we 
need only make the substitutions q, — P,,, d, — P,. We obtain the desired expression for 
the Hamiltonian by expressing p,, and q,, as functions of p, and q,. The kinetic energy 
term is the simplest to evaluate: 


=) eee 2, RPS 2 PuP- - 


n_ k,k’ 


This is just the Parseval relation. Next we study the potential energy term: 


» (Gia _ Qn) = > a (e* — 1) (ew ~~ 1) Siam U_y nA Uk’ 


n_k,k’ 
* . kl 
= tes = 1) (e** = 1) to 4° sin? (=) Gd. 
k k 


Combining these two equations, we arrive at an expression for H, in which the modes 
are nearly decoupled: 


PP -k kl PxP-k 
H,= ee K 4 — = ie m>) wr 11.45 
cl a ris 5 5 dX sin zi 5 ) Wk 4_—-k a. 5 BS 2 kU dk: ( ) 


We have defined the frequency w, of the kth mode as 


[K kl 
i, = 2 ss — sin aoe (11.46) 


The law (11.46) giving the frequency w, as a function of k is the dispersion law for the 
normal modes (Fig. 11.2). The expression (11.45) for H., as a function of the normal 
modes was obtained within the framework of classical physics. It can be generalized 
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—t/1 0 til 


Fig. 11.2. Dispersion law of the normal modes. 


immediately to the quantum version by replacing the numbers p,, and q,, in (11.40) by 
the operators P,, and Q,, obeying the commutation relations 


[Q,,, Py] = ihd M, (11.47) 


nn’ 


because the operators corresponding to different atoms n and n’ commute. The Fourier 
transforms can be carried over without modification to the quantum version of the 
problem, and we obtain 


+ —k P,P_¢ 


1 kl 
= are. mt 4 KD Asin’ (>) Q,0-,= >, —— am str 5m 01 
k k 


The commutation relations of the Q, and P, are 


[Q,. Py| = a Oin Ven [Qn Pi] = ihl > Okn Gen = Nb, pl. (11.48) 


nn! 


We still need to decouple the modes k and —k. To do this we introduce the annihilation 
and creation operators of the normal modes by analogy with (11.4) and (11.6)-(11.7): 


i Rh P 1 /hmow + 
Q, = in, (ata',), P= 7 5 ‘ (a,—a!,). (11.49) 


It can immediately be verified that the commutation relations (11.48) are satisfied when? 


[a,, a] = ST |. (11.50) 


The factors 6,_, in (11.48) and 6,,, in (11.50) should be noted. They originate in 
the periodic boundary conditions, which imply plane waves with k > 0 and k < 0. If 
vanishing boundary conditions are used, we have only k > 0 and we find the factor 6,,; 


> Equivalently, a, and a, can be expressed as functions of Q, and P, and then the commutation relations (11.50) derived. 
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see Exercise 11.5.9. Substituting the relations (11.49) into the expression for H and using 
the commutation relations (11.50), we arrive at the final form of H: 


7/1 1 
H = » hw, («ia + 5) 


(11.51) 


k=—n/1 


The Hamiltonian is a sum of independent harmonic oscillators of frequency w,. Let |r) 
be an eigenstate of H, H|r) = E,|r). Using the commutation relations (11.11), we have 


Ha,|r) = (a,H +[H, a,]) |r) = (E, —he,)a,|r), 
Ha,|r) = (a,H +[H, a;]) |r) = (E, + ho,)a;|r). 


The creation operator a increases the energy by hw,, and the annihilation operator 
a, decreases it by hw,. This energy is associated with an elementary excitation or a 
quasi-particle, called a phonon. The operator N, = a} dy, which commutes with H, counts 
the number of phonons in the mode k. Let |0,) be the ground state of the kth mode: 
a,|0,) = 0. This state corresponds to zero phonons in the kth mode. Let us construct the 
state |n,) containing n, phonons in the kth mode using (11.18): 


a! 
[n,) —_ Jn! 


and the eigenstates of H by forming the tensor product of the states |n,): 


(a;,)"*|0,), (11.52) 


k=t/1 
|r) = ©, a1l"e) (11.53) 
7/1 1 
Hin= (m+5) ho, |r). (11.54) 
k=—n/I 2 


The Hilbert space thus constructed is called the Fock space. The state |r) is specified by 
its occupation numbers n,, or the number of phonons in the kth mode. The formalism 
that we have developed allows us to describe situations in which the number of particles 
is variable; in fact, we have just constructed a quantized field using the simplest possible 
nontrivial example. 


11.3.2 Quantization of a scalar field in one dimension 


Now that we have quantized elasticity, our objective is to do the same with the electro- 
magnetic field. We shall pass through an intermediate stage where we quantize a simple 
model, that of the scalar field in one dimension, which we define below. This model is 
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relevant to the physical case of vibrations of an elastic rod considered as a continuous 
medium. When |k|/ < 1, the dispersion law (11.46) becomes linear in |k]: 


K 
kl <1, ~,/— |k\l=clkl, (11.55) 
m 


where c, = 1,/K/m is the speed of sound at low frequencies. It will prove useful to rewrite 
this equation as a relation between the speed of sound, Young’s modulus Y = K/,° and 
the mass per unit length w = m/l: 


c,=./-. (11.56) 


Our scalar field will be the long-wavelength limit A >> / (or |k|/ < 1) of the lattice model 
of the preceding subsection, and the linear dispersion law (11.55) w, = c,{k| will be 
assumed valid for all k. In fact, our ultimate goal is to take the limit / > 0, also called 
the continuum limit of the lattice model. We introduce two functions g(x, ft) and 7(x, f) 
such that 


q,(t) = o(x,, 1), p,(f) =laG,, 0). (11.57) 


In the long-wavelength limit, the displacements q,(t) and momenta p,(t) vary only 
slightly from one site to another, and so we can use the following approximation for the 
derivative of p(x, tf) with respect to x: 


dp 1 1 
7 is [Pins — 9, 1)] = 7 [dnii(t) — 9,(t)] - (11.58) 
The equation of motion (11.41) becomes 
v@ Y 
wee =F ffel) e+ lel.) — (sf 


A Taylor series expansion through order /’ gives 


20@ 
p(x+1) + o(x—1) -29(x) =, 
Ox? 
and we obtain a wave equation describing the propagation of vibrations at speed c,: 
rp 40p 
at? Sax? 
The classical Hamiltonian is written as a function of ¢,, and 77,, as 


= W (Xn) Lf Pn) — Pn) P 
Hy =I | + 5 we ew 


(11.59) 


© In one dimension, the change of length AL of a rod of length L acted on by a force F = KAx satisfies 
AL F_ Ax F 
LY 1 Kv 
which gives Y = KI. In three dimensions AL/L = F/YS, where S is the cross-sectional area of the rod and Y = K/I, 


c, = JY/p with wp = m/P. 
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which is an approximation to the integral 


L 1 1 ap \* 
Ha= | dx | — 7m (x)+a"e (=) i (11.60) 
0 2m 2 Ox 


where L = N1 is the length of the rod: H,, in (11.60) is the continuum version of (11.40).’ 
We have suppressed the time dependence: g(x) = g(x, t =0) and a(x) = a(x, t = 0) 
because H., is independent of time. 

As in the preceding subsection, we shall decompose g(x) and 7(x) into normal modes 
by means of a Fourier transform. We define ¢, as 


1. 7% l 
o,=¢" =—| dxe™* g(x pete eng xu ars | 11.61 
k k Rig 6 ( ) JNI B ( ) OTe ( ) 
by comparison with (11.42). The inverse of g, is given by 


1 
p(x) == die“ gy. (11.62) 
VL“; 
The relation for p, corresponding to (11.83) is ma, =/~'/p,. Now let us go to the 
quantum version, replacing the numbers ¢, and 7, by the operators ®, and II, obeying 
commutation relations derived from (11.48): 


[®,, I, = ihd,; wl. (11.63) 


As a consequence, if the numbers ¢, and 7, in (11.62) and in the corresponding equation 
for 7(x) are replaced by the operators ®, and IT,, the functions g(x) and 7(x) become 
operators B(x) and II(x). Here ®(x) is called a field operator or a quantized field.” We 
note that B(x, t) and II(x, t) are labeled by a continuous variable x, whereas their Fourier 
transforms ®, and II, are labeled by a discrete index k. This property follows from the 
use of boundary conditions in a box: 0 < x < L. The variable x is not a dynamical variable 
which is transformed into an operator in the quantum version of the problem, but rather 
the /abel of a point on the rod, and the fundamental operators are ® and II. 


7 The reader familiar with analytical mechanics will note that the Hamilton equations are 


SH _1__ 8H Po 
2 


dmx) 


which give the wave equation (11.59). 
The usual procedure is to derive these relations from the equal-time canonical commutation relations postulated between the 
field @(x, t) and its “conjugate momentum” IT(x, #): 


oo 


[(x, 2), M(x’, t)] =ihd(x— x’), 


which will be demonstrated below in (11.69) starting from (11.63). This procedure is — mistakenly — considered by some 
authors to be more “rigorous”; in fact, it is just as heuristic as the one we follow here. 

The procedure we have followed is sometimes called “second quantization.” This expression is completely misleading. 
Clearly, there is only a single quantization, and so “second quantization” should definitively be banished. 


N-) 
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Now we can express the quantum Hamiltonian H as a function of the Fourier compo- 
nents of II and ®. We write, for example, the potential energy term as a function of the 
@, as 


L op 2 1 : SE\ 4—ikx .—ik’x 
[ dx (=) = zf FE MOE Jeni eo ik 


= — SOO kKK'5, py = TPO, D_,. 
k k 


This leads to the following expression for the quantum Hamiltonian H: 


1 I 
H=)) (= UML + 5 Heed), (11.64) 
k Me 


Finally, as in (11.49), we introduce the operators a, and dj satisfying the commutation 
relations (11.50): 


h 1 /huo ‘ 
®, = oi: (a,+a',), ,=7y 5 “ (a,—a',), (11.65) 


and H again takes the form of a sum of independent harmonic oscillators: 


‘ 
H=) ho, (ala,+5). (11.66) 
k 


The result is superficially identical to (11.51), but there is an essential difference. The 
earlier wave vectors k were bounded as |k| < 7//. Now in the continuum limit there is 
no longer a bound on k and the zero-point energy 


1 
k 


is infinite. However, this infinite result is artificial in this particular case (Exercise 11.5.6). 
Actually, when the wave vector k becomes large or, equivalently, when the wavelength 
A = 277/k becomes small, of the order of the lattice spacing /, the continuum theory is 
no longer valid. It is only when the wavelength of a vibration satisfies A >> / that the 
wave does not “see” the underlying crystal lattice. We shall encounter this problem of 
infinite energy again in the case of the electromagnetic field, where k will be genuinely 
unbounded. 

Let us conclude this subsection by giving the Fourier expansion of the quantized field 
®,,(x, t) in the Heisenberg picture (4.31), with ®,,(x, t = 0) = ®,(x) = B(x). The time 
dependence is found using the equations 


uli) e 


t _— nift/h {* ,-iHt/h _ t ,—iw,t 
NG ea sae =", 


iHt/h A; e iAt/h ata 


(11.67) 


which follow from 
da ; : 
a = —i[a,(t), H] = —iw,a,(t), 
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and we obtain from (11.62) and (11.65) 


1 


[ae ie 4 ate ie) (11.68) 


ior 


We check from this expression that the field operator ®,,(x, t) (which has the dimensions 
of a length) is Hermitian as it should be. The commutation relations of ®,,(x, t) and 
II,,(x’, t) can be calculated immediately. First we take t = 0, P(x) = ®,(x,t = 0), 
ite) =i t=O): 


ih Wy 


[ D(x), I(x’)] = Sas > = [a,e* +ate-*, a, e*—al, es] 
kk V x 
_ ih ik(x—x’) 7 __; 2 gt 
= 7 LOT = ind (x— x), (11.69) 


k 


where we have used (9.145) to obtain the last expression. Since this commutator is a 
multiple of the identity, we trivially obtain the same result for the equal-time commutator 
[Py(x, 1), Ty’, O)- 


11.3.3 Quantization of the electromagnetic field 


The quantization of the electromagnetic field follows that of the scalar field in the 
preceding subsection with three modifications: we must work in three dimensions, we 
must take into account the vector nature of the electromagnetic field, and we must replace 
the speed of sound c, by the speed of light c. Let us recall the Maxwell equations (1.8)— 
(1.9) for electric field E and magnetic field B: 


Boo + JOB 
V-B=0, VxE=-—, (11.70) 
at 
‘ S ee A 
Vero ey xaos t—7.. (11.71) 
Ey Ot &> 


The two equations (11.70) are constraints on the fields E and B, and the two 
equations (11.71) depend on the sources of the electromagnetic field, that is, the charge 
density p,,, and the current density 7,,,. From the Maxwell equations we can derive the 
continuity equation: 


) ve 
ee og, (11.72) 
ot 
One could dream of quantizing the fields E and B directly. However, there are two 
technical difficulties with this. First, E and B are related by the constraints (11.70), which 


means that their six components are not independent and, moreover, as shown by the 
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Bohm—Aharonov effect,!° the interaction of the electromagnetic field with the charges is 
not local. It is preferable to use the intermediary of the scalar and vector potentials!! V 
and A and obtain the fields by partial differentiation: 


=. = —— 0A 2 > > 
E=-W-—, B=VxA. (11.73) 


The use of potentials instead of fields should not be surprising; in | quantum mechanics we 
have never used forces, which are related directly to the fields E and B by the Lorentz 
law (1.11); instead, we used the potential energy. In quantum mechanics it is the energy 
and momentum that play the fundamental role, because they directly influence the phase 
of the wave function. In the presence of an electric field E, it is the potential V that 
shows up in the Schrédinger equation via the potential energy V = qV. It is therefore not 
surprising that in the presence of a magnetic field B, it is the vector potential A that is 
involved directly in the Schrédinger equation rather than the field B. 
The potentials are not unique. Under a gauge transformation 


(11.74) 


where A(7, t) is a scalar function of space and time, the fields E and B are unchanged. 
To eliminate this arbitrariness in the potentials (A, V), it is usual to choose a gauge by 
imposing a condition on (A, V). A common choice (but not the only one possible!) which 
we shall use here is the Coulomb gauge, or the radiation gauge: 


With this choice, the vector potential becomes transverse: in Fourier space, the con- 
dition (11.75) becomes k- A(k) = 0 (see also Exercise 11.5.7). According to the first 
equation in (11.71) and (11.73), 


s [oad Ba Bela, oh ss 
VWs — a= DSS, 

ot ot Eq 
from which we derive the scalar potential V: 


ann aa P 
VG.j=— = f Pal) @, (11.76) 
This expression for the scalar potential is called the instantaneous Coulomb potential, 
because the retardation effects are not explicit: the time f in V is the same as that of the 
source p,,,- This might seem to be incompatible with relativity, but it should be born in 


mind that a potential is not directly observable, and so the contradiction is only apparent.!* 


'0 See, for example, Feynman et al. [1965], Vol. II, Chapter 15. 

'l We use the notation V for the electric potential so as not to create confusion with the potential energy V. A particle of 
charge g in a potential V has potential energy V = qV. 

'2 Cf. Weinberg [1995], Chapter 8. 
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In the absence of sources, P.., = Jem =, the second of Equations (11.71) is written as 


=e ee oe - VV) ®&A 
CVx(VxA)=H=e’V-(V-A)—C?VA = — ( fs ee 
ot ot? 
or, using (11.75) and the fact that V = 0, 
YA _ avi no (11.77) 
sa ne = 0. 
dt? 


This wave equation is analogous to (11.59) with the three following differences: (i) the 
spatial dimension is three rather than one; (ii) it involves the speed of light c rather than 
the speed of sound c,; (iii) the field A is a vector field and not a scalar one. Using the 
classical expression for the energy density of the electromagnetic field, the expression 
for the classical Hamiltonian becomes 


1 + " 
Ha = 5 & f dr (£7 +°B?). (11.78) 


If A is the analog of ¢, then E = —0A/dt will be the analog! of 7 and the term c?B?, 
which depends on spatial derivatives of A, will be the analog of c2?(dg~/dx)?. We can 
immediately write down a Fourier expansion for the quantized electromagnetic field 
A,,(F, t) by analogy with (11.68),'4 making the replacements L > L’ and  —> & . The 
last substitution is determined by comparing the terms €)c?(V x A)? in (11.78) and 
bc? (dg/ dx) in (11.60). The final difference from (11.68) is that A is a vector. A priori, 
a Fourier component of A should be decomposed on an orthonormal basis of three unit 
vectors k, @,(k), and @,(k) with k-é(k) =0. This is effectively the case for sound 
vibrations in three dimensions in an isotropic medium,!> where the vibrations can be 
either compression waves, which are longitudinal waves parallel to k, or shear waves, 
which are transverse and perpendicular to k. In the case of an electromagnetic field, the 
gauge condition (11.75) becomes k-A(k) = () in Fourier space and there is no longitudinal 
component. Taking into account all these considerations, we can generalize (11.68) and 
write the quantized electromagnetic field!® in the Heisenberg picture (we continue to use 
periodic boundary conditions in a box of volume V = L, or quantization in a box): 


[a;.2,(Bel@* 9 + at ar(hye erm | . (11.79) 


'3 Tn fact, in a formulation of electromagnetism like that used in analytical mechanics (cf. Footnote 7), it is EE that plays 
the role of the momentum conjugate to A, as seen from (11.85). 

'4 Tn order to distinguish quantized fields from classical ones, we shall designate the former by sans serif letters: A, E, B. 

'S Our discussion is actually oversimplified, because the speed of compression waves is different from that of shear waves. 

'6 We have glossed over several delicate problems; see, for example, Weinberg [1995], Chapter 8, for a full discussion. 
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The unit vectors é, (k) orthogonal to k describe the polarization. It is possible to choose a 
complex polarization basis, for example, a basis of circular polarization states: s = R,L, 
which makes it necessary to perform the complex conjugation in the second term 
of (11.79), thus ensuring that A is Hermitian. The expression for the projector onto the 
subspace orthogonal to k is often useful: 


> es:(k) eX (k) = 8; — kk. (11.80) 


The operators a;, (a; ) destroy (create) photons of wave vector k and polarization s. They 
satisfy the commutation relations 


(11.81) 


From (11.79) we derive the expression for the quantized electric field Ey = —~dAy /ot: 


= =f h 2 = A “77 peer aA “EF 
Ex?) =i/-—5 Dove |a;,8,(E ele Fo —a a ae (11.82) 
Eo rT s=l vn 
k ‘ 
and, using the expression 
vx (2,(@e”) ~ikxé(he**, (11.83) 


that for the magnetic field: 
=e h : i a >t i(k-F—,t) pep) 1 .—-i(k-F—e,1) 
Ba p= is Yo - Ja, kx le. Waz,e ) — eS (k)a, e k . (11.84) 
Eo L s=l c . 
k 


Just like for a classical plane wave, B= (k/ eyx E. It is easy, as in the case of a scalar 
field, to calculate the commutators of the various components of the field at t= 0. We 
then find the following commutation relations between the field component A; and the 
component —é E; of the conjugate momentum (Exercise 11.5.8): 


= >) _ d’k ihe: per AA 
where we have used (9.151). We then deduce that E, commutes with B,, but not with B, 
or B., which shows that it is not possible to measure simultaneously the x component of 
the electric field and the y component of the magnetic field at the same point. 
The expression for the Hamiltonian (Exercise 11.5.8) is a trivial generalization 


of (11.66): 


(11.86) 
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We then find the (infinite) zero-point energy: 


E, a Z 
=- o,.-> =a 
. 2 ‘73 


AcL? ¢” 
3 = 3 
[ Pk nck = — [ idk, (11.87) 


where we have used (9.151). In the case of black-body radiation, it was shown that the 
thermal fluctuations leading to infinite energy in classical statistical mechanics can be 
controlled by quantum mechanics. However, we eliminated that infinity by introducing 
another one, an infinity associated with quantum fluctuations. These quantum fluctuations 
have observable effects: for example, they lead to the Casimir effect (Exercise 11.5.12). 
The zero-point energy is also called the vacuum energy; it may play an important role in 
cosmology, where it might be related to the so-called dark energy, whose properties are 
still far from being understood. 
It is possible to couple the quantized field to a classical source 7.,, (7, t) by writing 


W(t) == [ Bren FAM). (11.88) 


This coupling generalizes that of (11.124) for the forced harmonic oscillator of Exer- 
cise 11.5.4, with the force f(t) replaced by the source 7,,, and the position operator Q 
replaced by the quantized field A. It can then be shown!” that if we start from a state 
with zero photons and if the source acts for a finite time, we obtain a coherent state of 
the electromagnetic field in which the number of photons in a mode k obeys a Poisson 
law with average given by |7.,, (k, w,)|?, where Jen (k, w,) is the four-dimensional Fourier 
transform of 7,,,(7, t). 

The quantized field A was written down in the Coulomb gauge. This is the gauge 
most convenient for elementary problems, but it is not convenient for a general study 
of quantum electrodynamics. The condition V-A=0 distinguishes a particular reference 
frame, and so the Lorentz invariance of the theory is not manifest. Naturally, this is 
not a fundamental defect, because it is possible to show that the physical results are 
consistent with Lorentz invariance. The real fault of the Coulomb gauge is that it leads to 
inextricable calculations because the renormalization procedure (elimination of infinities) 
requires that Lorentz invariance be maintained explicitly in order for the calculations to 
be manageable.'* A gauge in which Lorentz invariance is manifest is the Lorentz gauge:!” 


However, the Lorentz gauge introduces unphysical states, which must be correctly inter- 
preted and eliminated from the physical results. These unphysical states do not appear in the 
Coulomb gauge, which is an example of a “physical gauge.” Unfortunately, it is not possible 
to use a physical gauge and preserve formal Lorentz invariance at the same time. 


'7 See Exercise 11.5.4. A detailed discussion can be found, for example, in Le Bellac [1991], Chapter 9, or C. Itzykson and 
J.-B. Zuber, Quantum Field Theory, New York: McGraw-Hill (1980), Chapter 4. 

'8 From a technical point of view, the counter-terms that eliminate the infinities are constrained by the Lorentz invariance if 
the gauge choice respects this formal invariance. 

19 This formal Lorentz invariance is manifest in four-dimensional notation: 0,,A* =0, At = (V, A). 
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11.3.4 Quantum fluctuations of the electromagnetic field 


In the formalism of the preceding subsection, the electromagnetic field is an operator and 
quantum fluctuations should be present. In the zero-photon state, or vacuum state |0), the 
expectation values of the electric field (11.82) and the magnetic field (11.84) vanish: 


(O|Ey(7, 010) = (0|By(F, 10) = 0, 


because (O|a;,|0) = (O|a* |0) = 0. However, the vanishing of an expectation value does 
not imply that there are no fluctuations. These fluctuations have important physical 
consequences, and we shall study them for several types of state of the electromagnetic 
field: the vacuum, states with a fixed number of photons, coherent states, and squeezed 
states. In order to simplify the discussion, we shall concentrate on a single mode with 
wave vector k and fixed polarization s, and so a;, > a, w, — w. In addition, we take 
r =0. This restriction to a single mode is often a good approximation, for example in the 
case of a single-mode laser when transverse effects due to diffraction are neglected, or 
for a mode in a superconducting cavity of the type studied in Appendix B. The electric 
field in a cavity reduced to a single mode is written as 


[a oe 
E(t) =i a (ae — atei@), (11.89) 


where V is the cavity volume; the expression (11.89) can be derived immediately 
from (11.82). Here we have suppressed the label H and the vector notation in order to 
simplify the notations. The operators a and a‘ satisfy the commutation relation [a, a‘] = I. 
First let us calculate the fluctuations of E in the vacuum state using 


(ae —ale'') = ae" + (ae — 2a‘ a1. (11.90) 
Only the last term gives a nonzero result when the vacuum expectation value is taken, 


and we find 


hw 
O|E?(1)|0) = ——, 
(O|E*(t)|0) 2e,V 


which gives the dispersion 


hw 
260 


AgE = [(O|E*()10) — (O|E@|0)"}"" = (11.91) 
The quantum fluctuations of the electromagnetic field have important physical conse- 
quences. In addition to the Casimir effect (Exercise 11.5.12), they also lead to a splitting 
between the 25,,. and 2p,/. levels of the hydrogen atom, which are degenerate in the 
approximation of the relativistic Dirac theory (cf. Section 14.2.2). This is called the Lamb 
shift. This shift of about 4.38 x 10-°eV is roughly 10~’ of the difference between the 
energies of the Is and 2s levels, and amounts to 1058 MHz in frequency units.”” These 
quantum fluctuations are also responsible for the anomalous magnetic moment of the 
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electron. Whereas the Dirac theory predicts an electron gyromagnetic ratio of y, = g./m,., 
the actual one is 


y= = (1+ +0(’)), 
m, 27 
where a ~ 1/137 is the fine-structure constant. 
In a state with a fixed number of photons n (in the mode under consideration), the 
expectation value of E(t) is zero because (n|a|n) = (n|a‘|n) =0, while that of E?(f) is, 
according to (11.90) and (11.12), 


hw(2n+1) 


(nlE*(O)In) = So 


This leads to the dispersion A,,E in the state |): 


KEV eG’ =) 2. (11.92) 
2E)V 
This dispersion grows as the square root of the number of photons when n > 1. 

States which are more interesting in practice than those with a fixed number of photons 
are coherent states |z). Most ordinary light sources emit states of the electromagnetic 
field that are very close to a coherent state (lasers), or to a statistical mixture of coherent 
states (classical sources). Let us calculate the expectation value of E(t) in a coherent state 


setting z = |z| exp(i¢): 


h : ; 2h 
(z|E()|z) =i ap (zeio* — z*eie’) = | aa |z| sin(wt — $), (11.93) 


and 
hw ; ree 
F2 t aa | —iot _ _*,iot -1]. 
IE) =~ [ (ee — Ze) 
The dispersion A,E in a coherent state is identical to that in vacuum: 
2 2qt/2 hw 
A,E = [(z|E*())|z) — (zIE@|z)7] ~ = ,] —a = AcE. (11.94) 
2EoV 


The average number of photons is (N), = (z|N|z) = |z|? and the dispersion A,N = |z|. 

These two results follow from the Poisson distribution (11.34) for the number of photons, 

which makes it possible to predict the statistics of results of photon-counting experiments. 
In the present section only, we define the Hermitian operators Q and P as 


1 1 
oe; (a+a'), P=5 (a—a’). (11.95) 


20 A small part of this shift (-27 MHz ~ 3%) arises not from fluctuations of the electromagnetic field, but from fluctuations 
of the electron—positron field. The creation of (virtual) electron—positron pairs has the effect of screening the Coulomb field 
and acts as a vacuum dielectric constant. This effect is much more important in muonic atoms; cf. Exercise 14.5.3 and 
Footnote 36 of Chapter 1. 
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They satisfy the commutation relation [Q, P] = i/2, which leads to the Heisenberg 
inequality 


1 
AP AQ> >. (11.96) 


Direct calculation shows that 


| 2h 
EG):= ia [Osin wt — Pcos wt], (11.97) 
EyV 


whereas, according to (11.37) and (11.39), 


(0), =Rez, (P),=Imz, A,P=A,0= 5. 
The Heisenberg inequality (11.96) is therefore saturated when the field is in a coherent 
state, in agreement with the results of Section 11.2. The expectation value (E(t)). of the 
field is given by (11.93). To interpret the fluctuations about this expectation value it is 
convenient to use a Fresnel representation, in which the field is the projection on a fixed 
axis of a rotating vector. The Fresnel vector of the expectation value is a vector of length 


2hw 
Ae: | 
Iz|, eV Fa 


which rotates in a plane with angular velocity w. To be specific, let us take @ = 0 in 
(11.93). At time t= 0, (E(t)). = Alz| and, according to (11.94), the dispersion about this 
expectation value is A.E = A/2. At time t = 7/2 we have (E(t)). = 0 and, as always, 
A,E = A/2. In general, we see that fluctuations may be visualized by imagining that the 
tip of the Fresnel vector is not actually a point, but rather a fuzzy area: the tip is centered 
at the end of a vector of length A|z|, but fluctuates within a circle of radius 


R= 


A hw 
2 2EyV 


These fluctuations of the tip of the Fresnel vector are interpreted as the dispersion in the 
phase A.@, and, as shown by Fig. 11.3, 


AE 1 


A.d+ — = —. 11.98 
= Mel ~ Fel ee 


According to (11.39), the fluctuation of the number of photons is precisely A,N = |z|. 
For a coherent state we then obtain a relation between the dispersion A. of the phase 
and the dispersion A.N of the number of photons: 


1 
A.d A.N~ =. 
AN 5 


These fluctuations are very weak for a single-mode laser where |z| >> 1, but they are 
important for the superconducting cavity studied in Appendix B, where |z| < 3. 
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A@ Ad 


(a) 


Fig. 11.3. Fresnel representation of the electric field. The shaded region represents the dispersion 
at the tip of the field. (a) A coherent state; (b) and (c) squeezed states. 


We would like to obtain a Heisenberg inequality for the product Ad AN, but a derivation 
similar to that of Section 4.1.3 is impossible because we do not know how to define a 
phase operator. Nevertheless, we can try to simulate quantum fluctuations by taking as 
a model a classical field whose amplitude and phase are random functions. Then it is 
possible to prove the inequality 


Ag AN = (11.99) 


Nile 


Coherent states saturate this inequality. 
There is another type of interesting state, a squeezed state. Such states are obtained by 
a Bogolyubov transformation of the operators a and a‘.”! Let b and b* be the operators 


b=)a+pa', bi =d*al+p*a, (11.100) 
where the complex numbers A and yp satisfy 
JAP’ —|w? = 1. 


It is straightforward to show that the operators b and b’ satisfy [b, b‘] = J. It is said 
that the Bogolyubov transformation is a canonical transformation, as it preserves the 
commutation relations. Since the operators b and b’ satisfy the same algebra as a and a’, 
there exist states |z) such that b|z) = Z|z). The transformation inverse to (11.100) is 


a=A*b—pb', a'=dAb'—p*b. 


A simple but cumbersome calculation (Exercise 11.5.5) shows that the dispersions in the 
state |Z) are 


1 1 
A-P=-|A-pl, A-OQ==|A+ul, 
: 5 | I :Q 5 Ath 


*1 This transformation was first used by Bogolyubov in the early 1950s in the theory of superfluidity. 
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or, if A and yp are real or have the same phase, 

1 

4 

This shows that squeezed states, just like coherent states, saturate the Heisenberg 
inequality. Figures 11 (b) and (c) schematically show the Fresnel representation of the 
electric field in a squeezed state. We see that we can either decrease the dispersion of 
the phase and increase that of N, or, inversely, decrease the dispersion in the number of 
photons and increase that in @. 


11.4 Motion in a magnetic field 
11.4.1 Local gauge invariance 


Now let us return to the classical electromagnetic field (E , B) with the objective of 
determining the form of the interaction between this field and a quantum particle of 
charge q. In classical electrodynamics the electric charge density p,,,(7, t) and the current 
density 


Jem(?, t) = Pem(7, t)U(F, t) (11.101) 


satisfy the continuity equation (11.72). We want to generalize the expression for the 
current to quantum physics. In Chapter 9 we found the expression for the particle cur- 
rent (9.141): 


i(F, t) = Re {eG t) [= | (7, a} 


= ¢*(7,1) = v| o(F, t) — 97, t) > v| g*(7,t). (11.102) 


The electromagnetic current created by the motion of a quantum particle of charge q 
should a priori be j.,, = qj, the charge density p,,, being g|g|*. The particle current in 
this form obeys the continuity equation (11.72) when the wave function ¢(7, f) satisfies 


the Schrédinger equation: 
dp hi? 
ih— =(-—V+V)gQ, 
at ( 2m ) e 
and similarly for the associated electromagnetic current 
Pom =419|"> Jem = Qs 


which satisfies (11.72). However, we shall see that the expression for the current (11.102) 
must be modified when a vector potential is present. The current (11.102) is invariant 
under a global gauge transformation, which consists of multiplying g by a phase factor 


o(?, t) > o'(#, t) =exp (-i A) g(7, t) = Ag (7,1) |, (11.103) 
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where A is a real number. When A is a function of 7 and f, we have the case of a local 
gauge transformation; the connection to (11.74) will soon become clear. We are going 
to deduce the form of the current from a principle of local gauge invariance. This might 
a priori seem arbitrary, but in fact this principle is very general, and it is now believed 
that all the fundamental interactions of elementary particle physics can be derived from it 
(Exercise 11.5.11). A local gauge transformation is obtained by replacing the constant A 
in (11.103) by a function of 7 and t: 


o(?, t) > oF, t) =exp (a AG, 1) o(7, t) = A(7, Ne, 1) |. (11.104) 


This transformation is manifestly unitary. We can immediately verify that the cur- 
rent (11.102) is not invariant under a local gauge transformation, because the gradient 
acts on exp(igA/h). We shall modify the expression for the current by replacing the 
gradient Vv by the covariant derivative D: 


In contrast to the ordinary derivative, the covariant derivative has a simple behavior under 
a local gauge transformation (11.104): 


—ihDg = —ihD(Q~'¢’) = (-ihV — gA) exp (i; AG, ‘)) g(r, t) 
= 07'(-ihV—qA+qVA)¢' 
= 07! (-ihV —qA)o' = 07'(-ihD'g’), (11.106) 


where D’ is the covariant derivative calculated using the transformed vector poten- 
tial (11.74). The covariant derivatives D and D’ are physically equivalent because A and A’ 
are. The expression for the current becomes invariant under a local gauge transformation 
if the ordinary derivative in (11.102) is replaced by the covariant derivative: 


1G.) =Re {or |—"#- 4A] oG.n} =Re {ern | —*de]| 


(11.107) 


Indeed, if gy is expressed as a function of g’ using (11.104) and (11.106), then the current 
is invariant: 


> 7° * > _ —ih = 
Trt) =Re{ (7,)OQ7! = D'¢g’ 
m 


Ld 


= Re {eG t) exalt = 7 (7 ty 


m 
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This suggests that the velocity operator dR/dt is not simply dR/dt = P/m = —(ih/m)V 
but rather 


Pees pa Va. (11.108) 
m 


Knowing that the velocity operator is given by the commutator of R and the Hamiltonian, 
let us study its x component. According to (8.61) and the expression (11.108) for dR/dt, 


i 1 
= +1, X]=—(P,—4A,), 
m 
which, according to the reasoning of Section 8.4, gives the most general form of H: 
17> 3\? — 1 2 yaa a oe 
gees (P- gA) iq == (—inv- gA) 4+qV = —(-ihD)?+qV, (11.109) 
2 2m 2m 


where V = qV is an arbitrary function of Rand t. Requiring local gauge invariance of the 
current allows us to recover the generic form (8. 73) of the Hamiltonian compatible with 
Galilean invariance. The substitution —ihV > —ihD in the Schrédinger equation in the 
absence of an electromagnetic field gives this equation in the presence of an electromag- 
netic field; this is called minimal coupling.” The minimal-coupling prescription extends 
to non-Abelian gauge theories (Exercise 11.5.11) and can be used to write down all the 
interactions of the Standard Model of elementary particle physics between the spin-1/2 
particles (“matter particles”) and spin-1 particles (gauge bosons) listed in Section 1.1.3. 

In analytical mechanics, it can be shown that the Hamiltonian leading to the Lorentz 
force (1.11) is 


a a 
Ha = =— (p-4A) +qV. 
m 


Another method of obtaining (11.109) is to start from this classical form and use the 
correspondence principle to replace p and F by operators: p > P = -ihV, 7 > R. 
If g is a solution of the Schrédinger equation with the potential (A, V), then g’ will be 
a solution of it with the gauge-transformed potential (A’,V) (11.74). The Schrédinger 
equation for ¢ can be written as 
., 0p 


1 a a 
A— = —(SiADy Vo. 
ine en ihD)e+qVo@ 


However, on the one hand 
dp A) iqA\ , o- iqdA , dg’ 
— = — | exp | — = —— ; 
ot ot P h 33 h ot . ot 


2 The interaction W = —yS -B between a spin magnetic moment and a magnetic field does not appear to be derived from 
minimal coupling. In fact, this interaction is derived from the relativistic Dirac equation and the use of the minimal-coupling 
prescription in that equation, which leads to the gyromagnetic ratio y = q,/m,. The corrections of the anomalous magnetic 
moment type are derived from minimal coupling applied to quantum electrodynamics. 
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while on the other 
1 5g SD 1 tz r\2-FR-1_/ -1 I se Ty)\2_,/ 
—(-ihD)*¢ = —(-ihD) Og’ = OY —(-ihD')¢’. 
2m 2m 2m 
Dropping the factor Q~' from the two sides of the Schrédinger equation for ¢g’, we find 


dg’ | > — 
ih—— = —(-ihD')’o'+qV o'. 
ere a ihD’)¢'+qV ~ 


It can also be verified (Exercise 11.5.10) that 7 obeys the continuity equation: 


dg? =. 
el ej=0. (11.110) 


11.4.2 A uniform magnetic field: Landau levels 


As an application, let us study the motion of a charged particle in a uniform constant 
magnetic field. We shall ignore spin effects, as the interaction of a magnetic moment 
related to the spin has already been studied in Section 3.2.5. We assume that B points 
along Oz, and to simplify the discussion we also assume that the motion is confined to 
the plane xOy. This case is in fact of great practical interest, because two-dimensional 
structures having important applications like the quantum Hall effect can be manufactured 
in the laboratory.”* A classical particle under the action of a force 


> 


F=qixB 


moves in a circle of radius p = mv/|q|B with frequency w = |q|B/m,™ the Larmor 
frequency (cf. (3.61)). If, to be specific, we assume that q < 0, the circle is traced in the 
counterclockwise direction. The motion is then 


x(t) =X) +pcosat, 
(11.111) 
y(t) = yo + psinor, 


where x) and yy are the coordinates of the center of the circle. The projection of this 
uniform circular motion on the axes Ox and Oy gives two independent harmonic oscil- 
lators, which we shall recover in quantum mechanics. A possible choice for the vector 
potential is 


Bx?, (11.112) 
3 Cf. Ph. Taylor and O. Heinonen, Condensed Matter Physics, Cambridge: Cambridge University Press (2002), Chapter 10. 


°4 Tf the motion occurs in three dimensions, the trajectory is a helix whose projection on the plane xOy is a circle of radius p 
traced out with frequency w. 
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or A, = —yB/2, A, = xB/2, A, =0. This choice is obviously not unique, and another 
common choice is A, = A, =0, fi, = xB.” Let us calculate the commutator of the velocity 
components: 


ee 1 qd qd 
X.Y —|P 3 YB, P,— 3 xB] 
m2 xt 2 


1 gB 
=— 4 (-[P,, x]+[%, PJ) =-—=1 (11.113) 
m2 2 m 
Since the Hamiltonian H can be written as 
1 ; . 
H= 5m(X'+¥’), (11.114) 


we can recover the form (11.9) by defining 
O=/" 7, b= /"x 
Vio Vio” 


H=zho(P +0). (11.115) 


so that 


The energy levels are labeled by an integer n: 
1 
BE, =ho(n+5), n=0,1,2,... (11.116) 


These levels are called Landau levels. Guided by the analogy with the classical case, 
we define an operator R? which is the analog of the squared radius p* of the circular 
trajectory: 


R= (e+7)= 7 
W 


(11.117) 


m2 


The expectation value of R? in the state |n) is 


2 2h 1 
(R), = (nln) = (45). 
MmM@ MmM@ 


If the particle is in an eigenstate of H, the dispersion of R’ is zero. The flux ® of the 
magnetic field through an orbit is quantized in units of h/|q|. We can write 


h 1 
® = 7(R*), B= — (n+ 5) . 
lq 2 
The second characteristic of the motion is the position of the center of the circle. Follow- 
ing (11.111), we define the operators X, and Y) as 


fez Bec 
a? > Man A) a 6 (11.118) 
(0) (03) 


>> This gauge is used by, for example, Landau and Lifschitz [1958], Section 111. 
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Using [X, X] =[Y, Y] =ihJ/m and (11.113), the commutator [X,, Y)] becomes 
ih 
[Xo, Yo] = — 1. 
mw 


It can immediately be verified that 
[Xo, x] = [X, Y] =[%, x] =[%, Y] = 0, 
and so [H, X,| =[H, Y)] =0. The operator R>, 


Ro =X>+%> (11.119) 
commutes with R?; R* and Rj are Hermitian and can be diagonalized simultaneously. 
Setting 

Ds Hor Aol Ao: 
we find 
Ri =— (+8), 
and the eigenvalues r; of Rj are 
2h 1 
n= (p+5). p=0,1,2,... (11.120) 
mw fe 


We have again found two harmonic oscillators. The first gives the value n of the Landau 
level, that is, the radius of the orbit, and the second gives the position of the center of the 
orbit. Let us assume that the particle is located in the plane inside a circle of radius 7 
and that p> <1r;. The values of p will then be limited to 


where S = 7rrj is the area of the circle. The degeneracy g of a Landau level n is given 
by the number of possible values of p: 


mo |q|B 

8 Oah? Wah” 

This result must be multiplied by a factor of 2 if we wish to take spin into account. To 

be rigorous, it is necessary to check that there is no extra degeneracy by showing that 

any operator commuting with H (or R) and R¢ is a function of H and Rj, so that it is 

not possible to find additional physical properties which are compatible and independent. 

The demonstration is similar to that for the simple harmonic oscillator (Exercise 11.5.2). 

It is not difficult to generalize to the case of three-dimensional motion. Actually, since 

A, = 0 it is sufficient to add to the Hamiltonian a term P?/2m whose eigenvalues are 
Pp: /2m. The total energy is a function of n and p,: 


(11.121) 


I P: 
Ep, =ho n+5 + (11.122) 
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If the vertical motion of the particle is limited to the range 0 < z < L,, the number of 
Landau levels in the range [p., p, + Ap,] is 


L, |q\B 
= —+ ——SAp.. 11.123 
27h 27h Pz ( ) 


11.5 Exercises 
11.5.1 Matrix elements of Q and P 


1. Calculate the matrix elements (n|Q|m) and (n|P|m) of the operators Q and P in the basis |). 
2. Calculate the expectation value (n|Q*|n) of Q* in the state |n). Hint: calculate 


ly,) = (ata')’ |n) 


and ||@,||’. 


11.5.2 Mathematical properties 


1. Prove the commutation relations 
[N, a?]=-—pa? and [N,a'?]= pa’. 


Show that the only functions of a and a‘ that commute with N are functions of N, and that the 
eigenvalues of N are nondegenerate. 

2. Let H’ be the subspace of AC spanned by the vectors |n) and let A, be the orthogonal space: 
H = KH' ®H',. We use P’ to denote the projector onto A’. Show that P’ commutes with a and 
a‘ and prove, using the von Neumann theorem of Section 8.3.2, that either P’ = 0 or P’ = 1. 
Since the first possibility is excluded, P’ = J and the vectors |n) form a basis of A. 


11.5.3 Coherent states 


1. Calculate (z|P?|z) and (z|H*|z) and derive the dispersions (11.39). 
2. Let us study states |y(t)) such that the expectation values of a and H have properties identical 
to the classical properties. First, if (a)(t) = (g(t)|a|g(t)), show that 


_d 
ig, ar) = ofa), 


so that (a)(t) must satisfy the same differential equation (11.29) as z(t). We define the complex 
number Z, as 


Zo = (a)(t = 0) = (GO) |ale(O)), 


and so we then have the following solution of the differential equation for (a) (1): 


(a)(t) = ze". 
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3. The second condition concerns the expectation value of the Hamiltonian. Using (11.30) and 
adding the zero-point energy, we require that 


(9(0)|H|¢(0)) = he (leo? +5) 
or, equivalently, 
(a'a) = (9(0)|a'a|p(0)) = |zol’- 
Let the operator b(z)) = a — Zy. Show that 
(9(0)|b" (20) b(Zo)|(0)) = 0 
and that 
alp(0)) = zl ¢(0)). 


The state |p(0)) then is the coherent state |z,). 
4. Let D(z) be a unitary operator (prove this!): 


D(z) = exp(—z*a+za’'). 


Using (2.55), show that 


Hija (-; et) exp(za") exp(—z*a), D(z)|0) = [z). 


5. The wave function of a coherent state. Express D(z) as a function of the operators P and Q and 
calculate the wave function #.(q) = (q|z). Hint: write D(z) in the form 


D(z) = f(z, z*) exp[c(z — z*) Q] explic’(z +2") P], 


find the constants c and c’, and use the fact that P is the infinitesimal generator of translations 
(cf. Section 9.1.1): 


exp(-i la) = la +0). 


Express yf,(q) as a function of the wave function @9(q) (11.23) of the ground state. 
6. Show that an operator A is fully determined by its “diagonal elements” (z|A|z). Hint: use 


2 Zerg 
(z|A|z) = 3 ek | > A 
nm ™ nim 


11.5.4 Coupling to a classical force 


Coherent states can be used for a simple treatment of the quantum version of the forced 
harmonic oscillator. In elementary classical mechanics, the action of an external force 
F(t) on a harmonic oscillator 


mq(t) = —mw’q + F(t) 
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is carried over into the Hamiltonian by a coupling —qF(t) between the displacement q 
and the force F(t). In the quantum version a coupling between the displacement Q and 
the external force is added to the Hamiltonian of the simple harmonic oscillator (11.9): 


mi) =-0,)—* fin, (11.124) 


where the multiplicative factor f(t) is chosen so as to simplify the later expressions. 
Here Q is an operator, but f(t) is a number which, with our definition (11.124), has 
the dimensions of energy. It is conventionally referred to as the classical force or the 
classical source. We shall use H, to denote the Hamiltonian (11.9) of the simple harmonic 
oscillator and H(t) the total Hamiltonian: 


H(t) = Hy) + W(t). (11.125) 


1. The problem greatly resembles that encountered in Section 9.6.3 (cf. (9.156)), and we can 
attempt to solve it using perturbation theory. However, it turns out that it is possible to calculate 
the time evolution defined by (11.125) exactly. Show that 


H(t) = Hy —(a+a’) f(2). 
We rewrite the evolution operator U(t) = U(t, tp = 0) (4.14) in the form 
U(t) = Uj (4) U,(t), 


where U,(t) = exp[—iHt/h]. In order to simplify the notation, we have chosen the reference 
time ft) = 0 and we write U(t) instead of U(t,0). Show that U,(t) satisfies the differential 
equation 


dU, 
in = Up |W(t)UyU, = W,(t)U. (11.126) 
The operator W,(f), 
W,(t) = Uy |W(t)Uy = et0"/" W(t)etot/F (11.127) 


is the perturbation in the Dirac picture or the interaction picture, hence the subscript I. This 
picture is intermediate between those of Schrédinger and Heisenberg (cf. Section 4.2.5). The 
results (11.126) and (11.127) are quite general and do not depend on the specific form of Hp or 
W(t). In fact, we have reformulated the method of Section 9.6.3 in operator language. 

2. Show that the operator a in the interaction picture is given by 


a,(t) = eitot/h ae Hot/h a ae 


given that f(t) is a number and not an operator. Hint: cf. (11.67). Derive the differential equation 
for U,(t): 


ih— =— (ae +a ee) (NU () =W (HU (t), UO) =1. (11.128) 


In (4.19) we already noted that (11.126) cannot be simply integrated as 


nO eer (-; (a wire) . 


5; 
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because in general the commutator [W,(t’), W,(t”)] 4 0. In the present case this commutator is 
not zero but rather a multiple of the identity, which allows (11.128) to be integrated. From the 
identity (2.55) of Exercise 2.4.11, valid if [A;, A;] = ¢;;7, derive 


en eAn-! eee e4! = Ant +4) ea LjpilAj-Ail 


. Divide the interval [0, ¢] into n infinitesimal intervals Ar and, starting from 


UG) =|] exp (-; mar) | ; 


ml 


show that 


U,(t) ~ exp (-j De wi) exp (- “ > [Wi(t,), TD) ; 


tpt 


What is the commutator [W(t’), W,(t”)]? Show that we obtain U;,(t) by taking the limit At — 0: 
n t t . ‘ dias fe 
At) W,(t;) > [ dr’ W,(t’) = -| dt’ ice” +a'e™ ) fe’) 
j=l a 0 


= —haz*(t)— ha‘ z(t), 


where the complex number z(t) is defined as 


DPS ptr 
z(t) = 5 [ dr’ ei” f(r’). 


. Obtain the At > O limit of 


(At) »~ [W,(t;), Wi(¢;)] 


tj>tj 


and show that 
xX 
UC) = expfi (az" +a'e@)Jexo |]. 
: ' bf J uy 
» =) dv’ | dt” eT ialt -t ) £(1’) f(t" )e(t’ — 1"), 
0 0 


where &(f) is the sign function: e(t) = 1 if t> 0, e(f) = —1 if t <0. 
This result can be written in a more convenient form. Show that 


. : + : * 1 * 
exp [i (az*(t) + a*z(t))] = exp [ia*z(2) | exp [iaz*(1)] exp |- A z(t)z | 
and, noting that 20(t) — e(t) = 1, where @(t) is the Heaviside function, show that 
U,(t) = eit! giae"e-¥/ (11.129) 
t t 23 f a 
ys i dt’ il dr” ei") £04) F(t") (1! — 1”). (11.130) 
0 0 


Verify by explicit calculation that (11.129)-(11.130) obey the original differential equa- 
tion (11.128). 
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6. Let us study the case where the initial state at time ¢ = 0 is an eigenstate |n) of H) assuming 
that the force acts only during a finite time interval [t,, t,] and that we choose to observe the 
oscillator at a time t > t,, where 0 < t, < ft, < t. Defining the Fourier transform f(@) of f(t)/h, 


re 1 1 ep 
F(o) = =f. dt’ ei” f ft) => / dtc!” f(r’), 


and using the Fourier representation of the @ function, 


to dE eltE 1 1 
O(t) = lim — =. and ——— = P—+i76(E), (11.131) 
720+ Jo im E—in E-in E 


where P designates the ar part, show that Y is given . 
a =Pf Eo)? +5 Poll 


=i0 ts * |F(w)P. 


7. Show that the final result for U,(t) is independent of t for t > t: 
+ 4% +), pak : 1 ~ 2 
U,(t) = exp (ia i) exp (ia? (o) exp(—id) exp “5 |f(w)|- ). (11.132) 


Show that if the oscillator is in its ground state at time t = 0, the final state vector is a coherent 
state: 


U,(t)|0) =e"? |if()). (11.133) 
Show that the probability of observing a final state |m) is given by a Poisson law (11.34): 


_ (Fer) exp (FP) 


m! 


(11.134) 


8. Generalize the above results to the coupling (11.88) of a quantized electromagnetic field to a 
classical source j,,,(7, t) by writing the perturbation in the form (see Footnote 17) 


ak 


MOF} Cae 


A; Fem (k, t). 
11.5.5 Squeezed states 
Replacing a and a’ by their expression (11.100) as functions of b and b’, calculate 
(| (a+a') |) = 20" —p) +2°—p) 
and 
(z\(a+a")’|2) = | [a° +(a')’ +2a'a +1] 2). 

Show that 

1 : P 1 

(A;0)° = 5 (1+2|Ml?—A"e— Ap") = FA al. 
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Also calculate A; P. Writing 
A=coshé, jm&=sinh Gel®, 
show that 
|A — pw? |A+p2|? = cosh* 6 — 2 cosh’ 6 sinh’ 6 cos 2¢ + sinh* 6 
and derive ; 
A;QA;P = ri 


if 6=0or d=7T. 


11.5.6 Zero-point energy of the Debye model 
1. In the Debye model it is assumed that the dispersion law w(k) = c,|k| is valid for all k < kp. 
Using 
Bee 
2n——ts«é re, 


daw, 


show that 0 < w < Wp with Wp = c,kp = 271c,/1. The quantity wp is called the Debye frequency. 
Derive the zero-point energy 


1 
E, = — Nhop. 
0-4] WD 


2. Generalize to three dimensions and show that in this case 


9 


11.5.7 The scalar and vector potentials in Coulomb gauge 


We can write the expression (11.76) giving the instantaneous Coulomb potential 
formally as 


= 1 
V=-— CV) Dien. 


Eo 


which is the inverse of V?V = —p,,,/&). Use the second Maxwell equation (11.71) in the 
form 


tay ee oS OAS wey? tS 
20x @xd=3 (-F 425 
ot € 


to show that A satisfies 


where the “transverse electromagnetic current” 7,7 is 


Fe, = Jom — V-[(V?)“!(¥ jem): 
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11.5.8 Commutation relations and Hamiltonian of the electromagnetic field 
1. Taking t = 0, evaluate the commutator (11.85): 
Wk oe \ abet! 
2 a ik-(r—r') 
[A,@), 60 FV] = ih | GOs (8, hk) 


Show that these relations are also valid for the equal-time commutator: 


[Ani(?, t), —€Ey,(7', t)]. 


2. Derive the commutation relations between E,,; and By,;. 


3. Express the Hamiltonian (11.78) with E — E and B > Bas a function of the operators a;, and 


a. at t = 0. Hint: for a polarization s write 


and use the Parseval relation 


i dr E. = vy E;, * B73 
k 


Proceed in the same way for B noting that 


(é,xk)-(é,xk) =1. 


11.5.9 Quantization in a cavity 


1. We consider the classical scalar field g(7, t) of Section 11.3.2 in the three-dimensional case, 
assuming that this field is enclosed in a cavity. Let w; be an eigenfrequency of the cavity and 


)(F, t) =e; (7) cos(wt — ) 


be the corresponding field, which obeys the wave equation (11.59) with appropriate boundary 
conditions, for example, vanishing on the cavity walls: g;(7) = 0 at the walls. The eigenfunctions 
Qj (r) are assumed to be real and form a complete orthogonal set: 


[Pre Pe =o, Ce Pe GF) =3e-7 


Show that the quantized field in the Heisenberg picture 


, fh. ft " 
®, (7, t) = a (ae +aje') g(r) ( 1.135) 
j J 


satisfies the equal-time commutation relations 
[O,7, 1), Tn, )) = [uF 0), wOy(F',)] = ind (F-7') 


if the operators a; and a} satisfy the commutation relations [a;, aj] = 6x1. 
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2. Application to dimension d = 1. The field is contained in the interval [0, L] with vanishing 
boundary conditions at the ends g(x = 0) = g(x = L) = 0. Show that in this case the eigenmodes 
are labeled by a wave vector k: 


5 
ox(x) = 2 sinks S25. PSDs 


Verify the orthogonality and completeness relations: 


a cae er 2. ae / 
=f dx sinkxsink’x =6,, — >) sinkxsinkx’ = 6(x—2x’). 
L Jo L k 


Derive the expression for ®,;(x, f). 

3. The electromagnetic field. We take the case of three dimensions assuming that the field is 
enclosed in a cavity which is a parallelepiped of sides L,, L,, L, and volume V = L,L,L,. 
Show that instead of (11.82) we have 


be as Ah 2 a ee hese ot . : : 
Bard ae >> [ai,é, (k) eer — a. é*(k) ele] sin(xk,) sin(yk,) sin(zk,) 
€ R s=l 7 ; 


(11.136) 
with 


11.5.10 Current conservation in the presence of a magnetic field 


Using the Schrédinger equation in a magnetic field, show that the current 7 (11.107) 
obeys the continuity equation 


@Q 
co 


+V-j=0. 


Q 


t 


11.5.11 Non-Abelian gauge transformations 


The fundamental interactions of elementary particle physics are all based on non-Abelian 
gauge theories, which we shall define in an elementary case by generalizing the gauge 
transformation (11.104). Omitting the time dependence in order to simplify the discus- 
sion, we shall assume that the wave function g(r) is a two-component vector ®(7) = 
[~, (7), @2(F)] in a two-dimensional complex Hilbert space and that in this space there 
exists a symmetry operation called an internal symmetry that leaves the physics invariant: 


2 
O(7F) > O(7)=08 or g =>) QopPp> 
p=1 
generalizing (11.103). © is a 2 x 2 unitary matrix with unit determinant, i.e., an SU(2) 
matrix. The symmetry is called gauge symmetry and the SU(2) group is the gauge group. 
In general, the gauge group is a compact Lie group. The gauge group of electromag- 
netism is the group of phase transformations (11.103), denoted U(1), which is Abelian: 
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electromagnetism is an Abelian gauge theory. When the gauge group is non-Abelian, the 
gauge theory will be termed non-Abelian. The gauge groups of the Standard Model of 
elementary particle physics are the groups SU(2) x U(1) for the electroweak interactions 
and SU(3) for quantum chromodynamics. These are all non-Abelian groups. 

According to the results of Exercise 3.3.6, the matrix Q can be written as a function 
of the Pauli matrices as 


3 
: 1 
0 = exp (4 > 50) 
a=1 
When the functions A, are independent of 7, we are dealing with a global gauge symmetry, 
and if the A, are functions of 7, we have a local gauge symmetry. In order to simplify 


the notation, we use a system of units in which h=m=1. 


1. The analog of the vector potential of electromagnetism is a vector field with components A, in 
the internal symmetry space. The matrix A is defined as 
A= 


= 
A, Og > 


Nile 


Me 


a=1 


ll 


and it simultaneously has the ordinary components i = (x, y, z) and components a in the internal 
symmetry space: A = {A,;,}. The expression for the current 7 generalizes (11.113): 


j=Re [ @*(-i¥ = gA)®| = Re | 2" (-iBo) | : 

where 

D=-iV-— gA 
is the covariant derivative. Show that the gauge transformation ® > @®’ leaves 7 invariant if this 
gauge transformation is global with the condition that A is also transformed into A’: 

A’=0AQ7|, 
If the gauge transformation is local, show that invariance of the current 

j=j’ =Re [iv = gh’) ] 
implies the transformation law A> A’: 
A’ = Q0AQ7!- ; (Va)a. 


Recover the transformation law (11.74) in the Abelian case. 
2. We choose an infinitesimal gauge transformation: |gA,,(7)| << 1. Derive the transformation law 
for A,: 
5A, = A’, = A, = -VA, ae q ‘Ss SuchwAu 
b,c 
The (crucial) difference from the Abelian case is that the gauge field A, depends nontrivially 
on the internal symmetry index a of the gauge group.” In electromagnetism the photons do not 
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carry charge, but the gauge bosons of a non-Abelian theory do: they are “charged” because they 
carry the quantum numbers of the internal symmetry. 
3. Show that if ® obeys the time-independent Schrédinger equation 


1 =\2 1 ig 
; (-iv oa gA) = 5 (-inD)'@ = B®, 


we have the same for ®’ if the field A’ is used. 


11.5.12 The Casimir effect 


Owing to quantum fluctuations of the electromagnetic field, there is an attractive force 
between two parallel conducting plates separated by a distance L, even if the two plates 
are located in a vacuum and are electrically neutral. This is known as the Casimir effect. 
We assume that the dimensions of the plates are very large compared to their separation L. 


1. Using a dimensional argument, show that the force P on a plate per unit surface area is of the 


form 
he 


Lt > 
where A is a numerical coefficient. The surprise is that A 4 0! 

2. The two plates are rectangles parallel to the plane xOy and separated by a distance L, the lengths 
of their sides are L, and L,, with L,, L, > L, and their area is S = L,L,. We choose periodic 


P=A 


conditions along the axes Ox and Oy and define the wave vector k of xOy as 


2 27, 27mNn, 
te” Bis ee 


x y 


where n, and n, are relative integers, n,,, € Z. Show that if the plates are perfect conductors, 
then the possible frequencies of standing waves have the form 
22 
> WT-n > 
w,(k)=c 7 ky. weD Lec 
We recall that for a perfect conductor the transverse component of the electric field vanishes at 


the surface of the metal.?’ Explain why for n = 0 there is only one possible polarization mode. 
3. Show that the zero-point energy (11.87) is 


F(t) => [2D a, ], 


nk 
where 


w=; U+D. 


nk n=0,k n>1,k 


26 Since the field A is a vector field, the associated particles have spin 1, like the photon, and are called gauge bosons. The 
photon, Z° and W~ are the gauge bosons of the electroweak interactions, and the gluons are those of chromodynamics. 
27 See, for example, Jackson [1999], Section 8.1. 
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4. It is necessary to take into account the fact that there is no such thing as a perfect conductor. 
The approximation that the conductor is perfect is excellent at low frequencies, but at high 
frequencies any real conductor becomes transparent. It is therefore necessary to modify the 
zero-point energy to include a cutoff y(@/@,..), where y(0) = 1 and lim,_,.. x(u) = 0; y(u) is a 
regular function which decreases from unity at u = 0 to zero for u — oo. Show that 


. on (k) 
E)(L) = [Pko,@x (== 
o( ) a = du on ( x w, 
hs o Ten 
= ae dw w* vy o, = —. 
Ped = Jen w, L 
Owing to the cutoff, this energy is finite. 
5. Calculate the pressure on the right-hand plate 
1 deo _ a *he 
P.. =— 
int 8 dL 94 ae a(n), 


n 


a (=) | 


To obtain the total pressure on this plate it is necessary to subtract the pressure in the opposite 
direction due to the vacuum outside the space between the two plates. Calculate the corresponding 


where 


energy and find the pressure 
Tic f= 
Pext = — a4 [ dn g(n). 


The total pressure on the plate is P,., = Pin — Pex. Use the Euler—Maclaurin formula 


ext* 


Y'en)- [i =-F OF Ze"O+™ 


x 


to show that the result in the limit where the cutoff factor becomes unity is 
a mW he 
ee SO 
This pressure is attractive, and moreover it is finite. By carefully taking into account all the 
physical effects, we have derived a quantity which is finite and measurable from a quantity 
which is a priori infinite, the zero-point energy.”*® 


11.5.13 Quantum computing with trapped ions 


1. Trapped ions may turn out to be a promising technique for building a quantum computer. In 
an experiment performed by a group in Innsbruck, *°Ca* ions are confined in an approximately 
one-dimensional harmonic trap.”? The ground state S, yj. = |g) is identified with the state |0) 


28 A recent reference is U. Mohiden and A. Roy, Precision measurement of the Casimir force from 0.1 to 0.9 ym, Phys. Rev. 
Lett. 81, 4549 (1998). The accuracy with which the Casimir effect has been measured is of order 1%, and the measurements 
confirm the validity of the theoretical expression. 

2° FB, Schmid-Kaler er al., Realization of the Cirac-Zoller controlled-NOT gate, Nature 422, 408 (2003). 
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of quantum computation (Section 6.4.2), and the excited state D;,. = |e) with |1). The excited 
state is long-lived (~1 s) because the transition Ds, > Sj,2 is an electric quadrupole transition. 
Let us first consider a single ion in the trap. Its Hamiltonian is approximately 


1 2 1 2,2 
rap = 5g Pe + Moz ? 


H, 
: fe, 


where M is the ion mass and w, the frequency of the trap. In the absence of applied external 
field, one may write the total Hamiltonian as 


1 
Ay = 5 hao, +hw,a‘a, 


where w, is the frequency of the transition |0) < |1). One applies to the ions the electric field 
of a laser wave 


E =E,xcos(wt —kz— 4), 
and the Rabi frequency is denoted w,. The coupling between the field and the ion is 
Hy = —hw,o,cos(wt —kz— d) 
and the state vector in the interaction picture (see Exercise 5.5.6 or 11.5.4) is 
|e()) =e" p(t) [P(t =0)) = |e(t = 0)). 
Show that the Hamiltonian Hin in the interaction picture is 
H,.(t) = eio/*  e-iHot/h 


and that in the rotating wave approximation, with o1 = (a, tio,)/2 


. h ; e ad 
-5 @, [-, eildt—d) g-ikE 4 gg -ild-) | 


f ~ 
int — 


where 6 = w — @, is as usual the detuning. Since 


a \ at (a+a') 


exp(+ikz) couples the internal levels |0) and 1) to the vibrational levels in the trap. The internal 


levels will be labeled n, n = 0, 1, the vibrational levels m, m=O, 1, 2,... and the product state 
|n, m) 
. Let us define the dimensionless Lamb—Dicke parameter 7 by 


= 2Mw, 


Give the physical interpretation of 7. Consider two vibrations levels m and m+ =m’ and show 


m>m+m' 


that the Rabi frequency w' is given by 


genes =, \(m ai m'|ein(eta’) |m)|. 
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3. We limit ourselves to the case m’ = +1. Transitions corresponding to frequencies w = wy + w, 
(@ = Wp — w,) are called blue sideband (red sideband) transitions, while transitions with w = w, 
are called carrier transitions. We also assume that 7 < 1 and work to first order in 7. Write the 
expression of H,,, on the two sidebands and show that for the blue one 


= 1 : : 
2 7 1% m-+1[o,a,e%—o_aje™|, 
while for the red one 


~ i a : 
7 5 Na,/m [o.aie™ _ o_a,e]. 


The operators a,...a‘ are defined so as to preserve the norm of the state vectors 


+ + 
1 


a +; @ a ; a 


=—= a=—. 
m+1 ae” | ane co 


4. The levels used in the following discussion are |0,0), |0,1), |1,0), |1, 1) and |1, 2). Draw the 
level scheme and identify the blue sideband and the red sideband transitions. Show that the 
operator 


Ri, = Rt (a, 7/2) R*(B, 0) R* (a, 77/2) R*(B, 0), 


is equal to —/ for a = 7 whatever B, or B = 7 whatever a. R*(0, #) is a rotation by @ about 
an axis in the xOy plane which makes an angle @ with the x axis and which uses the blue (+) 
or red (—) sideband. Use the fact that the Rabi frequency for the transition |0, 1) < |1,2) is /2 
times that for the |0,0) < |1, 1) transition to determine a and B in such a way that Rig =-I 
for both transitions. Show that a cZ gate (up to a sign) has been built in the preceding operation 
(a cZ gate is obtained from (6.73) by the substitution 7, > o,) 


10,0) <> —|0,0) 0,1) <—|0,1) 1,0) 41,0) |1,1) = —]1, 1). 


5. It is now necessary to “transfer” the cZ gate to the computational basis of product states |n, n’), 
n,n’ =0, | being ground and excited states of two different ions. Show that the desired result is 
obtained by sandwiching the rotation operator Ri," on ion number one using the blue sideband 
between two rotations by 7 on ion number two using the red sideband 


[r (7, 17/2)|Ris [Rr (—7, 1/2)], 


A slightly more complicated operation allows one to build a cNOT gate. 


11.6 Further reading 


The diagonalization of the Hamiltonian of the one-dimensional harmonic oscillator by the 
algebraic method is classic and can be found in any quantum mechanics textbook. The 
theory of coherent states is discussed by Cohen-Tannoudji et al. [1977], Complement Gy. 
Applications of phonons in thermodynamics are given by Le Bellac et al. [2004], 
Chapter 4. Additional material on the quantization of the scalar field and the electromag- 
netic field can be found in C. Itzykson and J.-B. Zuber, Quantum Field Theory, New York: 
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McGraw-Hill (1980), Chapter 3; Le Bellac [1991], Chapter 9; Grynberg et al. [2005], 
Chapter V; or Weinberg [1995], Chapter 8. Fluctuations of the electromagnetic field and 
squeezed states are treated by Ballentine [1998], Chapter 19; by Grynberg et al. [2005], 
Chapter V and Complement V.1; and by Mandel and Wolf [1995], Chapters 10-12. 
Feynman et al. [1965], Vol. III, Chapter 21 gives a physical discussion of the difference 
between the velocity and p/m in the presence of an electromagnetic field. The Landau 
levels are discussed by Cohen-Tannoudji et al. [1977], Complement Ey,, and applications 
to solid-state physics can be found in K. Huang, Statistical Mechanics, New York: Wiley 
(1963), Chapter 11. 
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Elementary scattering theory 


Up to now we have mainly studied bound states, except for the brief mention of 
one-dimensional scattering in Section 9.4. However, essential information on interactions 
between particles, atoms, molecules, etc., as well as on the structure of composite objects, 
can be obtained from scattering experiments. Bound states — when they exist, which is not 
always the case — give only partial information on such interactions, whereas it is nearly 
always possible to perform scattering experiments. In this chapter we shall limit ourselves 
to potential scattering, which can be used to describe elastic collisions of two particles of 
masses m, and m,. Indeed, in the center-of-mass frame the problem is reduced to that of 
a particle of mass m = (m,m,)/(m, +m ) in a potential (Exercise 8.5.6).! 

In Sections 12.1 and 12.2 we develop the elementary formalism of elastic scattering 
theory with emphasis on the low-energy limit, which plays an extremely important role in 
practice. In Section 12.3 we generalize the formalism to the inelastic case; more precisely, 
we examine the effect of inelastic channels on elastic scattering. Finally, Section 12.4 is 
devoted to some more formal aspects of scattering theory. 


12.1 The cross section and scattering amplitude 
12.1.1 The differential and total cross sections 


A scattering experiment is shown schematically in Fig. 12.1. A beam of particles of mass 
m, and well-defined momentum moving along the z axis collides with a target composed 
of particles of mass m,. To simplify the discussion, we assume that m, < m, and we 
neglect the recoil of the target in the collision. In general, it is necessary to go from 
the laboratory frame to the center-of-mass frame via a simple kinematic transformation 
(Exercise 8.5.6). A fraction of the incident particles is deflected in the collision with the 
target, and these particles are recorded by detectors placed at polar angles (6, #), called 
the scattering angles and collectively denoted by (1. Let AS be the surface area of a 
detector located a distance r from the target. This detector is seen from the target as 
subtending a solid angle AQ ~ AS/r?. We assume that the density n, of target particles is 


' Tn ring accelerators such as LEP (the Large Electron—Positron collider), the et —e~ accelerator operating at CERN between 
1990 and 2000, the center-of-mass frame is the same as the laboratory frame. 
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Fig. 12.1. Schematic view of a scattering experiment. 


low enough that multiple collisions can be neglected. Under these conditions, the number 
of particles AN (Q) per unit time and unit target volume that have undergone a collision 
and are recorded by the detector is proportional to 


e the flux F of incident particles, that is, the number of particles crossing a unit surface perpen- 
dicular to Oz per unit time:  =n,v, where n, is the incident particle density and v is the particle 
speed; 

e the density n, of target particles; 

e the solid angle AQ the detector subtends as seen from the target (Fig. 12.1). In what follows we 
shall assume that this solid angle is infinitesimal: AQ. > dQ. 


J Nn . . 


The proportionality factor da/dQ. is called the differential cross section of the scattering. 
Dimensional analysis shows that da/dQ has the dimensions of a surface and is measured 
in m’ per steradian. By integrating over O we obtain the total cross section Ox: 


(12.2) 


The product F n,0;, is equal to the number of collisions recorded per second for a target 
of unit volume. The total cross section is a priori a function of the speed v of the incident 
particle, or, equivalently, its energy. The differential cross section is a function of the 
energy and the angles 6 and ¢. When the physical problem is invariant under rotation 
about the z axis,” the differential cross section depends only on 0. 

Let us give an intuitive illustration of the idea of cross section by studying a collision 
between two billiard balls of radii R, and R, in classical mechanics. First we assume that 
the incident particles (here, the billiard balls) have radius R and the target particles are 
point particles. During one second an incident particle sweeps out a volume 7rR’v, and so 


> Such invariance does not occur if, for example, the potential is not rotationally invariant or the target particles have spin 
polarized along an axis perpendicular to Oz and the scattering is spin-dependent. 
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it encounters n,7R7v target particles. The number of collisions recorded per second in the 
experiment is n,n,7R?v = Fn,7R’, which gives the total cross section 0,,, = 7 R?. Geo- 
metrically, this is the area of a disk of radius R. This is also the cross section for the scat- 
tering of point particles by target particles of radius R, in which case the geometrical origin 
of 7R? is obvious: it is the area of the target as seen by an incident particle. The total cross 
section for incident particles of radius R, and target particles of radius R, can be derived 
from this result: the number of collisions is the same as if the incident particles were 
point particles and the target particles had radius (R, + R,). The total cross section then is 


Or, = 7(R, + Ry)’. (12.3) 


The differential cross section is easily obtained in the case of incident point particles 
(Fig. 12.2) colliding with target particles of radius R. The impact parameter b of the 
collision is the smallest distance between the incident trajectory in the absence of a 
collision and the center of the target. Figure 12.2 shows that the impact parameter and 
the scattering angle @ are related as 


0 
b= Rcos—, 
2 
while 
PO: 6 liakicg 
do = 2abdb = wR‘ sin 5 cos 5 dé = 5 aR d(cos 0), 


from which we find the differential cross section 
da 1 da | aes 
_ =-R 
dQ 2m7dcos6 4 ° 


(12.4) 


because the integration over ¢ gives a factor of 277. This cross section, which is called 
the cross section for hard-sphere scattering, is therefore independent of the scattering 
angle, i.e., it is isotropic. It can be checked that integration over Q again gives 7rR?. 


12.1.2 The scattering amplitude 


Now let us turn to the quantum description of scattering by a potential V which we assume 
to be spherically symmetric, V = V(r). We shall return to the general potential V(r) in 


Fig. 12.2. Classical collision between a point particle and a sphere of radius R. 
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Section 12.3.2. We ignore possible spin degrees of freedom, except in Section 12.2.4. 
Scattering is a time-dependent process: an incident particle described by a wave packet 
9(F, t) leaves from z = —oo, travels along the z axis, and encounters the potential at time 
t ~ 0. This wave packet has a certain probability of being scattered in a direction 0, and 
a detector located at this angle has a certain probability of recording the particle. The 
rigorous quantum description can be obtained only by using wave packets. Nevertheless, 
this description is rather cumbersome, and at first we shall simplify the discussion by 
considering a stationary process. Later on in Section 12.4.2 we will return to wave packets. 
We start with an incident plane wave of wave vector k= (0,0, k) parallel to Oz: 


g(?)=Ael®, P= 


| 
AS) 


(12.5) 


where m is the mass of the incident particles, E is their energy, and |A|? = n, is their 
density. The current 7 associated with a plane wave (12.5) is given by (9.141): 


E hk 3 
j= 5—|¢'Ve-(¥o)*9] =|AP— = [AP (12.6) 


The flux of incident particles is ¥ = |j| =|A|?v. The plane wave ¢(7) is a solution of 
the time-independent Schrédinger equation in the absence of a potential [V(r) = 0]: 


27-2 


-+ V9?) = 5 9) = Eo). (12.7) 


In Section 12.4.1 we shall show that when V(r) 4 0, for the same value of the energy E 
there exist solutions of the Schrédinger equation yo? (7) labeled by the wave vector k, 


h 4/2 2 
[Fv v0] He) = BU!) (12.8) 


which for r — oo behave as 


(12.9) 


WG =ales + AO) : 


where f is a complex function of Q (in our case only of 0, owing to the invariance under 
rotation about Oz) called the scattering amplitude. The first term in (12.9) is the incident 
plane wave exp(ik -f) = exp(ikz), and the second corresponds to an outgoing spherical 
wave, as we shall show shortly. It is essential to note that it is the absolute values of k 
and r that are involved in the second term. The expression (12.9) is valid provided that 
the potential V(r) falls off sufficiently rapidly for r — ov. It is not valid for the Coulomb 
potential, whose 1/r falloff is too slow. There also exist solutions of the Schrédinger 
equation with an incoming spherical-wave term: 


wO@=ale™ +A]. (12.10) 


Such solutions are useful in some cases, but we shall not need them here. 
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Fig. 12.3. Large-distance behavior of an incident plane wave. 


Let us calculate the total current for the asymptotic wave function (12.9). This current 
is composed of the plane-wave current, the spherical-wave current, and an interference 
term. Here we must appeal to a physical argument, relying on the observation that the 
transverse extent of the incident wave is actually limited and not infinite, as in a plane 
wave (Fig. 12.3), and the interference term should be neglected except in the region where 
the incident wave packet and the spherical wave overlap.’ For a direction 0 £ 0, that is, 
away from the direction of the incident wave # = 0, it is always possible to place the 
detector far enough from the target that the interference term is negligible, and then it is 
sufficient to calculate the current of the spherical wave. Using Ve(r) =f g'(r), we obtain 


v [= 1)] —i f(Q) +0 (=). 


r r 


because 
= | 1 = 1 
Iv a> and |Vf(Q)|«-, 
Pl -# r 
so that the final expression for 7 is 


2 é ‘ 
ALTE op © = 1APviAaye 4. (12.11 
If we draw a very large sphere of radius r about the target, the current associated with the 
second term in (12.9) at the surface of this sphere points along 7 away from the center 
of the sphere and represents an outgoing wave. The current associated with the term 
exp(—ikr)/r in (12.10) will point toward the inside of the sphere and corresponds to an 
incoming spherical wave. The number of particles AWV(Q) recorded by the detector per 
unit time is equal to the integral of the current over the surface of the detector AS ~ r? AQ: 


i 
m 


AN(2) = | j-d8=rf[ 7-740, 
AS AQ, 
where the detector is located at a distance r from the target. For infinitesimal AQ, this gives 


dN (Q) = |Al?v | f(Q)? dO = F | f(Q)/? dQ. 


3 This interference term is essential for understanding the optical theorem (12.54); cf. Lévy-Leblond and Balibar [1990]. 
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It is in fact the 1/r behavior of the outgoing spherical wave term that ensures that the 
flux in a solid angle AQ, is independent of r. The definition (12.1) of the differential 
cross section permits the following identification for n, = 1: 


da 5 
say = IFO)? |. (12.12) 


12.2 Partial waves and phase shifts 
12.2.1 The partial-wave expansion 


In Section 10.4.1 we presented a method for solving the Schrédinger equation when 
the potential V(r) is spherically symmetric. The method consists of expanding the wave 
function in spherical harmonics as in (10.77): 


u(T) Vm 
U(r, 0, 6) = 3 == ¥"(0, $). 
l,m, 
The cylindrical symmetry about Oz in the present problem allows us to limit ourselves 
to terms independent of @, m, = 0, and take into account the proportionality (10.62) of 
the spherical harmonics with m, = 0 to the Legendre polynomials. We can then write* 


Wr, =>" pcoso), (12.13) 


where u,(r) is the solution of the radial equation (10.78): 


2m dr? 2mr2 


he A SEP M9 | = emt (12.14) 


with the boundary condition u,(0) = 0, or, more precisely using (10.82), 
r—>0:u,(7) «r'*!. (12.13) 


Since the Legendre polynomials form a basis for functions defined on the interval 
[—1, +1], we can write the following series expansion for f(6): 


2 ae 


0) =S°f,P,(cos8), f= = / *" ((0)P,(cos 6) dcos 6. (12.16) 
1=0 -l 


The series (12.16) is called the partial-wave expansion of the scattering amplitude. 


4 We have modified the normalization of u,(r) by the unimportant factor //47/(2/+ 1) in going from one equation to the 
other. 
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If V(r) tends to zero sufficiently rapidly for r > o0,° we can neglect V(r) and the 


centrifugal barrier term in (12.14). The asymptotic behavior of u(r) will then be 
r—oo:u,(r) «x sin(kr +6,). 


Let us compare this behavior to that of a plane wave. A plane wave exp(ikz) = 
exp(ikrcos@) is a cylindrically symmetric solution of the Schrédinger equation when 
V(r) = 0. We can then expand exp(ikz) in a series of Legendre polynomials of the 
type (12.13). The coefficients of this series are calculated using (12.16) and are called 
the spherical Bessel functions j,(kr): 


elk — \ (21+ 1)i'j, (kr) P, (cos 0). (12.17) 
1=0 


The spherical Bessel functions can be expressed in terms of sines and cosines and are 
given by the recursion relation 


I. 1 
j(x) = (1x! (- =) = = (-1)'x! (- =) jx). (12.18) 


When r > 0 we have krj,(kr) « (kr)'*!, which is a special case of the behavior (12.15) 
since rj,(kr) is a solution of the radial Schrédinger equation with V(r) = 0. When r — oo 
it can be shown that® 


1 
r—>o:j(kr) ~ — sin| kr—<=I7). (12.19) 
kr 2 
Comparison with the behavior of u,(r) leads to the definition 
x | 
6, = 6,-—<=I7, 
I a) W. 
which allows us to write down the asymptotic behavior of u,(r): 
1 
r—>c:u,(r)~a, sin (ir 5m +5,), (12.20) 


The number 6, is the phase shift in the /th partial wave, and is a function of k: 6,(k). To 
express f(@) as a function of the phase shifts, it is sufficient to compare the asymptotic 
expansions of (12.9) and (12.13) at r > oo, choosing A = 1. Taking into account (12.17), 
the series (12.9) can be written as 


ikr io) 
e+ £(0) ~ = > X,(r) P,(cos 6), 
1=0 
ikr 
X/(1) = 21+ Dijk) + fi— 


> This restriction on the potential should be made more precise. All the results of the present chapter are valid if V(r) has finite 
range [V(r) = 0 if r> R] or decreases at infinity faster than any power. If V(r) falls off at infinity as r~®, certain results will 
be valid only if a > ag. The discussion of this problem is rather technical, and we refer the reader to the references cited in 
Further Reading. 

© See, for example, Cohen-Tannoudji et al. [1977], Complement Ayyy. 
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The asymptotic form (12.19) of the j, gives 


1 ae 
ij, (kr) ~ [(-1)*te“™ +e" , 


2ikr 
and we obtain 

21+1 oo 2ik 
eS —1)/*te™*r 4 | 1 + —— ale i221 
 Dikr [ ees ae Ee EL een) 
The function X,(r) must asymptotically be equal to u,(r)/r, and so according to (12.20) 
u,(r) ho a [(—1) te pee, (12.22) 

r 2ir 


The expressions (12.21) and (12.22) can be equal only if 


grape” 7 
Op g 
or 
2i+1 2i+1 =. 


This equation gives the partial wave expansion for f(@)) as a function of the phase shifts: 


f(0) = = Dei+ 1)e' sin d,P,(cos@) |. (12.24) 


/=0 


We can obtain the differential cross section from (12.12) and then the total cross section 
by integrating over angles using the orthogonality relation of the Legendre polynomials 
derived from (10.62) and the orthogonality (10.55) of the spherical harmonics: 


4a 


The result for o,,, can be written as 


_ 4a 


7: y-(21+ 1) sin’ 6, |. (12.25) 


S(k) =e72 | (12.26) 


where we have noted explicitly the dependence on k, is called the S-matrix element in 
the Ith partial wave. It plays an important role in scattering, which can be understood 


The function 
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by comparing the behavior (12.21) of a free spherical wave j,(kr) with that of the wave 
function in the presence of a potential (12.22): 


i (kr) Xx [(-1)*te““ +e""], 


u(r) « [yer pee], 


The effect of the potential is to multiply the outgoing spherical wave by the phase factor 
S, = exp(2i6,) while not affecting the incoming wave. This is a result of the boundary 
conditions that have been imposed, since the incident plane wave is composed of an 
incoming spherical wave and an outgoing spherical wave. The outgoing part is modified 
by the scattering, because the particles are scattered by the target and diverge from 
it. However, the incoming wave is not modified by the interaction with the target. In 
Section 12.3.1 we shall show that the condition |S,| = 1 takes into account the fact that 
the number of particles entering a sphere of large radius drawn about the target is equal 
to the number of particles leaving the sphere when the scattering is elastic. 

Each term of (12.25) corresponds to the scattering cross section in the /th partial wave. 
It is obviously impossible to identify the contribution of each partial wave except in the 
total cross section, because the various partial waves interfere in the differential cross 
section. We note that the contribution to the total cross section from each partial wave is 
bounded: 


4 ; max 47 
= (21+ 1) sin’ 6, < o™ = 7 (21+1). (12.27) 
Let us give a semi-classical interpretation of this result. Classically, the angular momentum 


hl and the impact parameter are related as / = kb, and so 


Lapel th 
es ws it 


| 


The maximum classical cross section is the area between the circles of radii / and /+1: 
7 v4 21 7 _ I max 
SG (+1) =f =a 2+) = 70; 


The classical cross section is at most a quarter of the maximum quantum cross section. 
If the potential has finite range, V(r) = 0 for r> R, then, from the classical point of 
view, an incident particle can interact only if its impact parameter is less than R, b < R, 
and only partial waves with / < kR will contribute. We see that the phase-shift method 
will work well if the energy is low, because in this case only a limited number of partial 
waves will contribute. In particular, only the s-wave (/ = 0) will contribute appreciably 
when k — 0. In quantum mechanical terms, the probability density « r?j7(kr) of a free 
spherical wave is negligible for kr < [/(/+1)]'/”, and this wave does not penetrate into 
regions where the potential is important for small k unless 1 = 0, when r?j¢(kr) ox const 
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if r — O. It can be rigorously shown’ that for a potential of finite range the phase shift 
6, behaves as 


5,(k) « (kR)*"*! (12.28) 


when k > 0 or 1 —> o. 


12.2.2 Low-energy scattering 


When the potential has finite range, the s-wave will be the only one to contribute 
significantly to the low-energy cross section, and so the latter will be isotropic. In the 
rest of this section we shall take into account only the / = 0 wave and use the notation 
6)-9(k) = 6(k), Spo (kK) = S(K), fizo(k) = f(k), uo (r) = u(r). Using the behavior (12.28) 
for 1 =0, 6(k) «xk, we can define the scattering length a as 


(12.29) 


The minus sign is chosen by convention and will be justified below. 
As an example of a calculation of the phase shift and scattering length, let us consider 
the spherical well (Fig. 12.4): 


Such a spherical well gives an approximate description of neutron—proton scattering with 
the following parameters (Exercises 10.7.8 and 12.5.3): 


R~2fm, V,~26 MeV. 


The radial Schrédinger equation is written as 


(-z ie a v0) i= a uty), (12.30) 


Vo 


Fig. 12.4. The spherical well. 


7 See, for example, Messiah [1999], Chapter X. 
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which gives 


& 
?>R (5 +") u(r) = 0, 
r 


r<R: (s+ Jao 


with k? =2mE/h? and k’” =2m(E+V,)/h2, from which, taking into account the condition 
u(r = 0) = 0, we find 

r>R:u(r) = Csin(kr+6), 

r<R:u(r) = Dsink’r. 


The continuity of the logarithmic derivative of u(r) at r = R imposes the condition 


k' cotk’R = kcot(kR+6). (12.31) 
The equation 
¢ e2ix + 1 
cot x = i ——— 
e 2ix = 1 


can be used to determine the S-matrix element S(k). An easy calculation gives 


k 
_ cosk’R+i— sink’R 
S(k) = @2id(k) = @ 7 2ikR k (12.32) 


k ; 
cos k’R— in sink’R 


As expected, the expression for S(k) has unit modulus. The phase shift is determined 
only up to a factor of 77, and to learn the “true” value of the phase shift it is necessary to 
allow the potential to increase from 0 to Vy) while following the evolution of 6 between 
zero and its final value. 

As in the one-dimensional case (cf. Section 9.4.3), there exists a remarkable relation 
between the S-matrix and bound states. Let us set k = ik (in an instant we shall see that 
we must choose k = ik, k > 0 and not k = —ik). The function S(k) has poles for 


cosk’R+ 7 sink’R =0, (12.33) 


but this is also just the equation that determines the bound states. The wave function of 
a bound state of energy E = —B < 0 is given by 


fh Riu) = Ce", 
r<R:u(r) = Dsink’r, 


with Kk = (2mB/h’)'”? and k’ = [2m(V, — B)|!'"/h, and the continuity of the logarithmic 
derivative at r = R is written as 


—K=Kk'cotk’R, (12.34) 
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which is exactly the equation for the poles of S(k). The result is general for potentials 
that fall off sufficiently rapidly at infinity and is valid for any partial wave: the poles of 
S,(k) for k =ik give the position of the bound states in the /th partial wave. 

It is easy to derive the scattering length from (12.31). This equation can also be written 
as 


k 
tan(kR+6) = es tank’R. 
In the limit k > 0 and kR > 0, 6 > 0 and k’ > ky = (2mV,/h?)'/, from which we have 


k 
0 


or 
tank,)R 
B(k) = —k( R- dona ): 
ko 
which according to the definition (12.29) gives 
tank)R 
a=R(1- cane ). (12.35) 
k)R 


Another case of particular interest is that of hard-sphere scattering: V(r) = 0 if r> R and 
V(r) = +00 if r< R. The radial wave function u(r) must vanish at r = R: 


r>R:u(r) = Csin(kR+85), 
r<R:u(r) =0, 
so that KR+6=n77 and for k sufficiently small, 
6=—-kR, a=R. (12.36) 


The minus sign in the definition (12.29) has been chosen such that the scattering length 
of a hard sphere is +R rather than —R. From the qualitative behavior of u(r) in Fig. 12.5 
we see that a > 0 for any repulsive potential. The situation is more complicated for an 
attractive potential. When there is no bound state an attractive potential gives a negative 
scattering length. The appearance of a bound state changes the sign of a, which becomes 
positive. The sign changes again with the appearance of a second bound state, and so 
on. This is confirmed by (12.35): the condition for the appearance of a first bound state 
is k)R = 7/2 and the scattering length is negative for k)R < 7/2. It becomes infinite 
when k)R = 77/2, positive when k)R > 7/2, and remains positive for 77/2 < kyR < 37/2. 
The appearance of a second bound state corresponds to k,R = 37/2, and the scattering 
length is negative beyond this value after having again become infinite. A large positive 
scattering length indicates the presence of a low-energy bound state, and a scattering 
length that is large and negative indicates that a bound state is about to appear. It is 
sometimes said that there is an antibound or virtual state. 
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Lo Vn) 


(a)a>0 (b)a<0 ~  (c)a>0 


Fig. 12.5. Behavior of the wave function and the scattering length for various potentials: (a) a 
repulsive potential; (b) an attractive potential without a bound state; (c) an attractive potential with 
a single bound state. 


According to (12.12) the low-energy cross section is isotropic, and the total cross 
section is 


Cio, = 470". (12.37) 


It is interesting to note that the quantum cross section of a hard sphere (a = R) is four times 
the classical cross section 7R*, in agreement with the inequality mentioned previously. 
Measurement of the total cross section gives only the absolute value of a. However, the 
sign of the scattering length is an important quantity. For example, the effective potential 
which we shall define in the following paragraph is attractive for a < 0 and repulsive 
for a > 0, which has direct consequences, for example, for the possibility of forming 
Bose-Einstein condensates of atomic gases. Another important case is neutron—proton 
scattering (Section 12.2.4). 

The low-energy form 6(k) ~ —ka is actually the first term of an expansion of the phase 
shift in powers of k*. Exercise 12.5.3 shows that the function k cot 6(k) is an analytic 
function® of k* for which we can write down a Taylor series for k* — 0: 


rr | 
k cot 6(k) = =a rok? + O(k*). (12.38) 


The distance rp is called the effective range. We often use the low-energy form of the 
scattering amplitude: 
e@ 2i5(k) —] 1 


fi) =a ~ k[cot 8(k) — il’ 


or, expressing cot 6(k) as a function of a if rk < 1, 


(12.39) 


8 Tf V(r) falls off at least as fast as exp(—yr). Equation (12.38) is valid provided that V(r) falls off at least as r~>. 
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This form can be made more precise by using the effective-range approximation (12.38): 
a 


a 12.40 
HK) 1+ika—}ryak? ( 


12.2.3 The effective potential 


The scattering length makes it possible to introduce the very useful concept of effective 
potential, not to be confused with the effective potential V,(r) of (10.79). When studying 
a system of low-energy particles, it is convenient to be able to replace the actual potential 
V(r) by a simpler potential V.,,(r), called the effective potential, which gives the same 
results for low-energy scattering. An effective potential is used, for example, for the 
theoretical study of low-energy neutron scattering or Bose-Einstein condensates of atomic 
gases. We shall show that low-energy scattering is described by choosing an effective 
potential proportional to a 6 function: 


Ver (Wr) = 88(7) = [yO], (12.41) 


where g is a constant to be determined. To justify this potential and find g, let us examine 
the Schrédinger equation for a wave function y(r) = u(r)/r. The expression for the 
Laplacian applied to a function of r 


VA) =~ Spf] (12.42) 


is valid only for a function f(r) that is regular at r = 0, and for f(r) « 1/r the familiar 
equation from electrostatics is used: 


1 
V2— = —478(7). (12.43) 
rr 


Let us study the Schrédinger equation taking (12.41) as the potential: 
MY Wk u(r) 


F pH v0) 
r 


’ 


2m Wm r 
and write down the kinetic energy term 
yt — Vv, u(r) — u(0) _ +u(0)V24 
r r 
1a 0 1 du 
== HO) = HO) gru(0) 87 y== ) _ anu(0)3(?), 
r dr?” r dr? 


where we have noted that [u(r) — u(0)]|/r is a regular function at r = 0. Moreover, if we 
write 


u(r) =a+br+er+---, 


then 
1 d°u 2c 


r dr2 r 
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and the integral of this term in a sphere of radius R about the origin tends to zero with R. 
We then have 


du) RR u(r) _ = u(0) -aw'(0)] 5(7). 


2m 


The two sides of this equation must vanish separately, which for the left-hand side implies 
u(r) = Csin(kr+6(k)), r>0, 


and so u'(0)/u(0) = kcot 6(k). The vanishing of the coefficient of 6(7) imposes the 
condition 
2h? 


= gk cot 6(k), 


and the k + 0 limit of this equation makes it possible to relate g and a:? 


_ Qh? Qahea 


és . d 
— a Vey= o(r)—r }. (12.44) 
m m dr 


The effective potential depends on a single parameter, the scattering length a; we take it 
to be that of a more realistic potential or simply use the experimental value. Let us also 
study the bound states of the effective potential. The radial wave function of a bound 
state must have the form 


nT) = Cer. 


and so u’(0)/u(0) = —k. We can derive a relation between the binding energy B and the 


scattering length: 
[2mB — 2ah? 1 
h m a 


The bound state of the effective potential is unique, and we again find that a > 0 for a 
single bound state. In summary, an effective potential for which a > 0 may correspond 
either to a hard sphere or to an attractive potential with a single bound state. These two 
potentials lead to the same behavior for an ensemble of low-energy particles, but the 
behavior will be different if a < 0: it is the sign of the scattering length that is crucial. 
The function k cot 6(k) is a constant: 


Qh? 1 
pasos ——_S-—— 


mg a 


and the scattering amplitude of the effective potential is given exactly by (12.39): 


—a 
Sere (k) = ——_. 
: I+ika 
° It should be born in mind that if we consider the scattering of identical particles of mass M, the reduced mass is m = M/2 


and g = (47h? /M) a. 
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12.2.4 Low-energy neutron-proton scattering 


Low-energy neutron—proton scattering provides a very important practical example of the 
formalism we have just developed. The proton and the neutron are spin-1/2 particles and 
the scattering is spin-dependent, and so we shall generalize the above results to take this 
into account. In low-energy scattering the total spin Si is conserved. The orbital angular 
momentum is zero, because the scattering occurs in the s-wave, and the conservation of 
total angular momentum is equivalent to the conservation of total spin. The scattering 
amplitude can be written as an operator f acting in the four-dimensional space 7, the 
tensor product of the two spaces of spin-1/2 states, as a function of the projectors P, = Py 
and P, = P, on the singlet (total spin zero) and triplet (total spin one) states given 
in (10.128): 


f(k) =f. (KP, + £(K)P,. 


This form of i ensures that the total spin remains unchanged in the scattering: a singlet 
state remains a singlet and a triplet state remains a triplet. We shall limit ourselves to the 
case ka < 1. According to (12.39), 


F(k) =—a,,  filk) = —4,, 


where a, and a, are the scattering lengths in the singlet and triplet states. When the 
condition ka < | is not satisfied, it is possible to use expressions analogous to (12.39), 
or even (12.40), for f,(k) and f,(k), thus introducing the effective ranges rp, and ro,. In 
summary, in the approximation where ka < 1 


f = —a,P,—a,P,, (12.46) 


or, introducing the Pauli matrices G, and G,, acting in the space of the proton and neutron 
spin states, 


- 1 1 he, ih 
—f=a= qa +3a,)I+ qa =.) 0,* 0%: (12.47) 


The differential cross section is isotropic and the total cross section for a state of initial 
spin |i) and final spin |f) is 
a, =47|(f ali)’. (12.48) 


If the final spins are not measured and the initial state is a mixture for which we know 
only the probability p,; of finding the initial spins in the state |i), it is necessary to sum 
over the states |f) and the probabilities p;: 


o =47 pd (ial f) (flali) 
aa, 


= 4)" p,(i]a"|i) = 47 Tr (Pini 4°), 


420 Elementary scattering theory 


where we have used the completeness relation in H, >°,|f)(f| = J, and the definition 
of the state operator of the initial state: 


Pinit = DP ili) (il. 


The most frequently encountered case is that of unpolarized initial state, so that the states 


|++), |+—), |—+), and |——) have the same probability. In this case pj, = 1/4 and 
Fun. = TT a = wTr (a; P, + azP,) 
1 3 1 é) 
= 47 € c+ 3a) = %+G% (12.49) 


The physical interpretation is straightforward: if the initial state is unpolarized, the prob- 
ability of having a singlet state is 1/4 and that of having a triplet state is 3/4, which gives 
the weights 1/4 and 3/4 of the singlet and triplet cross sections in (12.49). 

The unpolarized cross section gives only the combination a? + 3a? of the scattering 
lengths. Additional information can be obtained from the existence of a bound state in the 
triplet state, the deuteron, which allows the approximate determination of a,. A precise 
relation between the deuteron parameters and the low-energy scattering parameters in the 
triplet state is obtained in Exercise 12.5.3 using the effective-range approximation. An 
approximate expression is obtained by noting that the deuteron wave function extends 
far beyond the range of the potential, k~' >> R, which makes it possible to use the 
effective potential and the relation (12.45). Using the fact that B ~ 2.22 MeV, we obtain 
«| ~ 4,2 fm, while the exact value of a, is 5.4 fm. However, this argument is sufficient 
for determining the sign of a,: a, > 0. 

Knowledge of a, from the deuteron parameters and measurement of the unpolarized 
cross section make it possible to determine the modulus of the scattering length in the 
singlet state |a,|, but not its sign. A possible method for finding the sign of a, is to use 
neutron scattering on a hydrogen molecule; this is studied in Exercise 12.5.2. It is found 
that the scattering length a, is negative, consistent with the fact that there is no singlet 
bound state. The experimental values of the scattering lengths and effective ranges are 


a,=5.40fm, m,=1.73fm, a,=—23.7fm, 7, =2.5fm. 


It can be observed that a, is large and negative, and that the neutron—proton system in the 
singlet state is very close to forming a bound state, showing the presence of a virtual state. 


12.3 Inelastic scattering 
12.3.1 The optical theorem 


In general, in a collision particles can undergo not only elastic, but also inelastic scattering. 
For example, the scattering of a photon on an atom A in its ground state Ey can leave the 
atom in an excited level A* of energy E;: 


ytA> y+A*, 
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the final photon having lost an energy (EZ, — E,)) compared with the initial one (if the 
atomic recoil is neglected). It is also possible for the final particles to be different from 
the initial ones, as in 


qT +p—> K°+A 
or 
T +pom +77 +4+n. 


We have seen that |5,(k)| = 1 in the case of elastic scattering. We shall show that it is 
possible to generalize the expression for the scattering amplitude f() to the inelastic 
case if we allow |S,(k)| < 1. This inequality follows from the condition that the modulus 
of the amplitude of the outgoing wave be smaller than that of the incoming wave, that 
is, the number of particles N,,, leaving a large sphere of radius r enclosing the target 
must be smaller than the number N,,, entering the sphere, because incident particles can 
only disappear in inelastic scattering. As we shall show below, this inequality holds 
for each partial wave, N!,, < Ni, because the integration over the surface of the sphere 
eliminates interference between partial waves. If the scattering is purely elastic in the /th 
partial wave, Ni = N!., and |S,(k)| = 1. Let us evaluate Nand N/., using the asymptotic 


form (12.22) of the wave function at r — oo. As in elastic scattering, only the outgoing 


wave term can be modified: 
ikr ikr 


> S,(k)= 


> 
r 


from which we find the asymptotic behavior of w(7): 


A | | 
wr bats >> (21+ 1)P;(cos 6) [(—1)'e” — S,e"], 
ZY 5% 


which gives for f() 
] CO 
f(9) = — 9° (214+ 1)P,(cos 6)(S, — 1). 
ZK a 
The total elastic cross section then is 
ou = | dO|f(O)P 


and the result of the integration over © generalizes (12.25): 


T co 
ar Cea ! (12.50) 


Let us calculate the number of incoming particles in the /th partial wave, N., by integrating 


the current entering through the surface of a sphere of radius r — oo about the target. 
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Since the Legendre polynomials are orthogonal, there are no interference terms between 
different partial waves. We find 


oe [pet] 2 =| 2a] = mh2l+ YA" 
” 4k? 21+1 m mk 


The first term comes from the normalization of |y|?, the second from the orthogonality 
relation of the Legendre polynomials, the third from the expression for the current of the 


incoming wave, and the last from the integration over @. A similar calculation gives Ni: 
1 mh(21+1)|AP* 5 

out SS or |S,| hi 
mk 


The condition N/., < Ni implies that |S,| < 1. The inelastic cross section in the /th partial 


out — 


wave is, up to the flux factor ¥ = hk|A|?/m, just the difference between the numbers of 
incoming and outgoing particles: 
ah(21+ 1)|A|? 
Fina =F (Nin — Nou) = ——a— — (1 — 1511"), 


and the total inelastic cross section becomes 


Te 
Opa = Fs LOLI =|SIF) |. (12.51) 


If Ni = Ni, the number of outgoing particles is equal to the number of incoming ones, 
the scattering is elastic in the /th partial wave, and |S,(k)| = 1, S,(k) = exp[2i6,(k)]. The 
condition |S,| < 1 implies o/., > 0, as it should. The sum of the elastic and inelastic cross 
sections is the total cross section: 


(12.52) 


The presence of inelastic channels implies that (1 — S,) 40, and so in quantum physics 
it is not possible to have purely inelastic scattering, whereas in classical physics particles 
can be sent onto perfectly absorbing targets, without undergoing elastic scattering. If the 
absorption in the /th partial wave is total, which corresponds to NP" = 0 and therefore to 
S, = 0, then 
; i 
Fea = Fine = 73 (2/+1). (12,53) 


By comparison, the maximum elastic cross section 1s 


Onl, max = k2 
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An important consequence of the intertwining of elastic and inelastic scattering is the 
optical theorem. Let us calculate the imaginary part of the forward scattering amplitude!” 
Im f(@ =0) using P,(1) = 1: 
1 lo, 2) 
Im f(@ =0) = ars > ((21+ 1) — Re S;). 
I=0 


Comparing this with (12.52) for o,,,, we see that 


4 
oo = Im f(@ =0) |. (12.54) 


This relation is the optical theorem, which relates the total cross section to the imaginary 
part of the forward scattering. The proof of the theorem shows that it follows from 
probability conservation. 


12.3.2 The optical potential 


Inelastic scattering can be taken into account by introducing a complex potential in the 
Schrédinger equation. Actually, if we repeat the proof in Section 9.2.2 of the continuity 
equation for the current Vv -7 = 0 in the case of a stationary wave w;(r), we see that this 
equation is not satisfied if the potential is complex: 


ns 2 , = 
V-j= = Im V(7) |W; (7)/’. (12.55) 


Of course, we recover the result Vj = 0 in the case of the real potential used in 
Section 9.2.2. The number of particles absorbed per unit time is equal to the incident flux 
multiplied by the inelastic cross section. To calculate the number of absorbed particles, 
we imagine that the target is surrounded by a large sphere and calculate the flux of 7 
through the surface S of the sphere: 


ae => 2. 
_ 7. =_— 7 4 — ie T -(7 za 
[i ds [* jar = [mV dr, 


where V is the volume of the sphere and the minus sign corresponds to the fact that dS 
points toward the outside. We then have 


2 es = 
ee = / Im V(7)|We(F)/ Br, (12.56) 
where we have integrated over all space because the potential is assumed to have finite 
range or to fall off sufficiently rapidly at infinity. From now on to the end of this 
chapter the potential V(7) will be arbitrary, not necessarily invariant under rotation. 


Equation (12.56) implies that the imaginary part of V(r) must be negative, Im V(7) < 0. 


'0 This quantity cannot be measured directly, because in the forward direction one finds mostly incident particles which have 
not undergone a collision. It is necessary to take the 6 — 0 limit of f(0). See also Footnote 3. 
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A complex potential with negative imaginary part V(r) is called an optical potential. Such 
a potential is useful when we are interested not in the details of inelastic processes, but 
only in their effects on elastic processes. It is often used, in particular, in neutron—nucleus 
scattering. At low energies this complex potential can be represented as an effective 
potential of the type (12.41) with a complex scattering length a = a, +ia,, a, < 0. Under 
these conditions Im f = —a, and the total cross section is very large compared with the 
elastic cross section: 


T 
_ 2 
Dror = Fin = 7s |a,| >> oy =47a;. 


The proportionality of o;,, to 1/k, or to 1/v, where v is the speed of the incident neutrons, is 
an extremely important result: the cross section for neutron absorption grows as 1/v when 
v — 0. This implies, for example, that neutrons must be slowed down in order to obtain 
sizable cross sections for uranium fission in a nuclear reactor. Another example is the 
use of cadmium to absorb neutrons: the scattering length is complex, with a, = —3.8fm 
and a, = —1.2fm. 

Let us rewrite the optical theorem using (12.56): 


m 
2h? 


Im f(6 = 0) = xf | f(Q)|2 dO — [im VF) We (FP Ar. (12.57) 


This equation can be generalized. We define the scattering amplitude f(kr, k) using the 
solution (12.9) of the Schrédinger equation: 


ikr 
= Z2 ne 
OF) =e" + fF, KV. 


r 


Since the potential is not assumed to be invariant under rotation, the scattering amplitude 
depends on 7 and k, and not only on k and the angle between 7 and k. It is then possible 
to prove the unitarity relation:!' 


Lees, Age it... ee Pidgeon ee 
5 [Ve k)—f (k')] = aif (KP, k') f(k?, k) a? 
m 


sas | IMVAWO MMMM r. (12.58) 


Invariance under time reversal implies that fk, k) = f(-k, Ah). and invariance under 
parity implies that f(k’,k) = f(—k’, —k). If these two invariances are valid, f(k’,k) = 
f(k, k’) and 

1 ? f Pi ok ters / 7 / z 

= [f@'.O-s°&k)| =Ims@',8) 


in (12.58). We then recover (12.57) by taking k’ =k. 


'l See, for example, Landau and Lifschitz [1958], Section 124. 
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12.4 Formal aspects 
12.4.1 The integral equation of scattering 


In this section we shall take up several points that we have previously glossed over, 
in order to clarify certain arguments we have made above. First we shall prove an 
equation, the integral equation of scattering, which will allow us to justify the asymptotic 
expression (12.10) and will also prove useful for other aspects of scattering theory. The 
proof rests on the expression for the Green’s functions G(r) of the Schrédinger equation 
when V = 0, which satisfy 


(V? + k?)G(7) = 6(F). (12.59) 


In general, the Green’s functions G of a wave equation Ly = 0 are defined from LG = 
6(7). The solution of an equation of this type is not unique and the precise form of function 
that must be used for a given problem is actually fixed by the boundary conditions. We 
shall need the Green’s functions G*)(7) corresponding to an outgoing spherical wave 
[G™(F)] and an incoming spherical wave [G‘(7)]. They are given by!” 


1 e tikr 


Gg&= (r) =_ Aur 
T 


(12.60) 
: 


We can immediately verify (12.59): 


0 etikr gf = = ' 7 ool 


r r r 
Oe a . 
= 7 ao —476(7r) 
etikr 
= KR ~— _478(7), 


where we have used (12.42) and the fact that the function [exp(ikr) — 1]/r is regular at 
r= 0. 

Let us examine the behavior of the function G (7 —7’) when r > oo with r’ remaining 
finite. In this limit 


and, defining k' =k?, we obtain 


eiklr—-?"| ikr pik! 7 r2 
GHG?) =— =-S— +0(i5), (12.61) 


4ar 4a7r 


!2 Any combination AG +(1—A)G) + G,,, where G,, is a solution of the homogeneous wave equation, also satisfies (12.59). 
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which shows that G‘*) does behave as an outgoing spherical wave. The function yo? (r) 
defined implicitly as 


ae oe aie caine ree 
WG =e [ COEF WE MP EI Er (12.62) 


obeys the Schrédinger equation. Actually, using (12.59) we have 
2m 2m 
2 2) Hay — 2 AN W242) — 2) (4) (2 
(P+ = f FF VE WOE) =F VOW, 


Equation (12.62) is called the integral equation of scattering. The essential point is that 
yo) does behave asymptotically as (12.9). Using (12.61) and (12.62) for r > oo, we 
find 

ikr 


(H) (2) ~ ik? m ¢€ i ae eee ne ee 
TG all er — fe VE WO FAY. (12.63) 


We can immediately identify the scattering amplitude f(Q) using (12.9): 


f(O) = fk. =- i; eV WM Ed’. (12.64) 


2Qih2 


This equation is exact, but of course it is necessary to know yo? (7), and so we cannot 
avoid solving the Schrédinger equation! We can solve (12.63) approximately by iteration. 
The first iteration will be 


yo? (7) 25 eikr 
Substituting this into (12.64), we obtain fk’, k) in the Born approximation: 


m 
Qh 


fa(k’,k) =— 


/ e4* VRar |. (12.65) 


The vector g =k’ —k is the wave vector transfer, hg is the momentum transfer, and f, 
is the Fourier transform of the potential with respect to g. We note that 


0 
= 2k sin = 
q tS 


and that f, depends only on the combination k sin(@/2) of k and 6 if the potential is 
spherically symmetric. This feature is of course specific to the Born approximation. It is 
difficult to state the criteria for validity of the Born approximation precisely: generally 
speaking, the energy should be high or the potential should be weak. In the case of 
Coulomb scattering, the Born approximation gives the exact result for the cross sec- 
tion (but not the amplitude) at any energy, far outside its theoretical region of validity 
(Exercise 12.5.4). 
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12.4.2 Scattering of a wave packet 


A second point that must be justified is the use of a stationary formalism, whereas 
particle scattering is fundamentally a time-dependent process. This forces us to study 
the scattering of a wave packet. We assume that we have a wave packet centered about 
a momentum Ak with a dispersion Ak < ky, and we also assume that the dimension 
Ar ~ 1/Ak of the wave packet is very small compared with the characteristic lengths 
in the experiment, for example the distance between the target and the detector. A free 
wave packet is described by an expression which is the three-dimensional generalization 
of (9.41): 


3 
o(?,t) = / Bayi A exp [ik-F-iw,2 (12.66) 


with w, = hk*/2m, the average frequency being @) = hki,/2m. In Section 9.1.4 we showed 
that if the condition (Ak)?ht/m <1 is satisfied (which is nearly always the case), we 
can neglect the spreading of the wave packet, and (12.66) in the form (9.48) generalized 
to three dimensions (with the change of notation k > ko, UV, > Up) becomes 


(Fr, t) ~ e!' o(7F —Uot, t= 0), (12.67) 


where the group velocity ¥) = hk,/m. This implies that |g(7, 1)| is negligible if | —dot| >> 
Ar, that is, if |*—Upt| is large compared with the extent Ar of the wave packet. The 
time-dependent wave function yo? (7, t) in the presence of a potential V(7) is obtained 


by replacing the plane wave exp(ik -F) in the expression for a wave packet (12.66) by 
yo? (7). The resulting expression is actually a solution of the time-dependent Schrédinger 
equation in the presence of the potential V(r) with the behavior of an outgoing spherical 
wave. We decompose the wave function ye? (7, t) into a free part and a scattered part: 


WOOF, 1) = OF, 1) + VrcarF 1)- 


When the wave packet is far from the target, yo? (7) can be replaced by its asymptotic 
form (12.63): 
eikr 


WF) > e+ fk, KD, 


r 


and then 
, dk Z ~ 7 elt” iw, 
trol? 0 = | Bay ADS EF, Dem 
We assume that f(k7, k) varies sufficiently slowly with k.'3 Under these conditions 


(KF, k) & flo? ko), 


'3 This condition may not be satisfied in the presence of a resonance. 
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and the scattered part is 


A(k) exp[i(kr — @,)]. (12.68) 


r flkoPs ko) ¢ Bk 
Ug? t) = ee f 
r 


(277)? 


Next we note that 


Shes os oan deh 6 te Aky |. & = Ak)? 
k= (hot Eke) PY"? = hy thy: hy) +0 ]=t-é+o|! i 
0 
Since the characteristic time t ~ r/vg = mr/hky, we have 


Ak)? Ak)? ht 
(Aker (AK hE 
ky m 


and kr in (12.68) can be replaced by rk, - k, which gives 


= Ua Bs fk ?, ko) , iw 
Wecatt (1s t) = Mor fo) p(rko, t) > a gl(r = Uot)ko, O]e es 


When t is large and negative, |(r— vpt)| >> Ar, and since g(r’, 0) is negligible for r’ >> Ar, 
we have W,.. — 0 and the wave packet tends to a free wave packet: since the wave 
packet does not overlap with the potential, y,..,, is practically zero: 


lim (7, t) = ¢(7, t). 
t——oo 
The wave packet interacts with the target for t ~ 0, and when t — +00 


a kot k . . 
a Fa t) = FlkoF ko) gl(r i Upt)ko, 0] eo", 
r 


We therefore recover the wave packet in a direction different from the initial one, 
modulated by the scattering amplitude f(ky?, ko) and propagating radially with a speed vp. 

Now we can calculate the probability dp for triggering a detector of area dS = r7dO 
located in the direction 7. Since the current at time f¢ is Ug|W..a4|°7, the probability for 
triggering the detector is 


+00 
dp = yrdO [then (?, Pde 
eS a L 2 
= Wd flkoF ko)? — lel(r—vyt ko, Oar. 


On the other hand, the probability for the incident particle to cross a unit surface perpen- 
dicular to the incident beam is 


oo ns 
J lel(r=v0)ko, O1Par, 
and from the definition (12.1) we find the cross section 


d J ae 
<= |flko?, ky)? = LAL, (12.69) 


dQ, 
which completes the justification of (12.12). 
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12.5 Exercises 
12.5.1 The Gamow peak 


1. We wish to evaluate the cross section for the reaction 
"H+ 3H > *He+n (12.70) 


occurring in the interior of a star at a temperature of the order of 10’ K. We have chosen this 
particular reaction to be specific, but our discussion will apply to any nuclear reaction occurring 
in a star between light nuclei. Show that the kinetic energy of the incident 7H and 7H nuclei 
is of the order of keV. Why are the atoms completely ionized? The following relation is often 
useful in nuclear physics. In a system of units where h = c = 1, the relation between the units 
fermi (= femtometer) and MeV can be written as 


lfm7! ~ 200 MeV. 


Verify this relation. The potential V(r) between the two incident nuclei is the repulsive Coulomb 
potential V(r) = e?/r for r> R and an attractive nuclear potential for r < R, with R ~ 1 fm. 
Show that e”/R is very large compared with the kinetic energy E of the incident nuclei. 

2. Show that in classical physics the two nuclei cannot approach each other to distances less than 
rg = e’/E, and the nuclear reaction (12.70) cannot occur. In quantum physics the reaction is 
possible owing to the tunnel effect. Using (9.106), show that the probability for tunneling is 


pemen(-2"fae(2-2)] a) 


where p is the reduced mass: E = wv’ /2, v being the relative speed of the two nuclei. Show 
that pp ~ (6/5)m,, where the proton mass m, ~ 940 MeV c*. To calculate p;(E) we can make 


the change of variable 
w= es E. 
r 


A useful integral is 


u2du 1 _y ul Uu 
/ = —tan - ; 
(u2+a*)? 2a a 2(w?+a’) 


E 
Pp; (E) ~ exp (- Z| , Bg= 2a ne 
\ Eg 


with a = e?/hc ~ 1/137. Give the value of Ey in MeV. 
3. Justify the approximate form of the cross section for the reaction (12.70): 


Show that 


o() ~ = py(E) 


assuming that the nuclear reaction occurs as soon as the nuclei come into contact with each 
other; k is the wave vector and E = h?k?/2p. 


4. According to (12.1), the number of nuclear reactions (12.70) per unit time is n;n,vo(v), where 
n; and n, are the densities of the incident nuclei and the target nuclei. However, the speeds are 
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not fixed, and to obtain the reaction rate in a star it is necessary to average over the Maxwell 


velocity distribution: 
3/2 2 
= M __Bv 
puiv)= (==) exp ( a). 


The physically relevant quantity is the average (va). By integrating over angles, show 
that 


Then, making the change of variable v — E, deduce that 


1677 h2 3/2 6 
wo) = = (58 7) | dE ec E/ Mg En/E (12.71) 
B 


Show that the integrand in (12.72) has a sharp peak at an energy E = E, with 
1 2/3 
and that the width of the peak AEF is given by 


AE « Eql°(kgT)”. 


This peak is called the Gamow peak, and it determines the energy E, at which the 
reaction (12.70) has maximum probability: the reaction rate in the star is controlled by Ep. 
Obtain a numerical estimate of the position and width of the peak. 


12.5.2 Low-energy neutron scattering by a hydrogen molecule 


1. First let us consider the scattering of a particle by two different nuclei 1 and 2 of a diatomic 
molecule neglecting spin. The center of the molecule is located at the origin, and the detector 
is located at a distance r from the target. The nuclei | and 2 are located at the points R/2 and 
—R/2, with R <r. Show that the amplitude for scattering by the molecule is 


ies — 
paaerp(-54-R) +a,ex(59-R), 


Denote by k the wave vector of the incident particles, k' =k, hq= Ak’ — k) is the momentum 
transfer, and a, and a, are the scattering lengths for the nuclei 1 and 2. Sketch the cross section 
as a function of the angle 6 between k’ and k when qR~ 1. 

2. Now we consider the case of neutron scattering on a hydrogen molecule taking into account the 
neutron and proton spins. We assume that the energy is low enough that gR < 1. What must 
the energy be in eV for this condition to be satisfied? If the neutrons are produced in a reactor, 
to what temperature must they be cooled (cf. Section 1.4.2)? The total spin S of the molecule is 
defined as 


5 1 - 5 
AS = 3 h(a, +>), 
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where @, and G, are the Pauli matrices describing the spins of the two protons. Show that the 
scattering amplitude is written in spin space as a function of the scattering lengths a, and a, as 


x 1 1 aN OS 
f a 5s +3a,)I+ 5 (a — a.)(G, 7 S). 


3. If the neutron—proton interaction is dealt with using an effective potential (12.41), the constant 
g will be fixed by the characteristics of the potential. Show that owing to a reduced-mass effect, 
it is necessary to use 4a/3 for the scattering length on protons bound in a hydrogen molecule, 
where a is the scattering length for a neutron on a free proton. The cross section is therefore 
multiplied by a factor of 16/9; this is an effect of the chemical bond. This reduced-mass effect 
occurs as long as the neutron energy is so low that the vibrational levels of the molecule are not 
excited. 

4. The hydrogen molecule can exist in two spin states: the parahydrogen state of spin zero and 
the orthohydrogen state of spin one. What is the neutron—parahydrogen total cross section? Is it 
sensitive to the sign of a,? 

5. Calculate the neutron—orthohydrogen total cross section assuming that the molecule is unpolar- 
ized. Hint: prove the identity 


Tr(A @ B)? = (TrA’)(TrB?’). 


12.5.3 Analytic properties of the neutron-proton scattering amplitude 


The objective of this exercise is to relate the properties of bound states and resonances to 
the scattering amplitude. We shall limit ourselves to the s-wave. We neglect the neutron— 
proton mass difference and define M ~ m, ~ m,, so that the reduced mass is M/2. All 
spin effects are neglected. 


1. Let u(r) be the (real) radial wave function of a bound state, here the deuteron. It is characterized 
by its asymptotic behavior « exp(—«r)and its asymptotic normalization N: 


r—>o:u(r)>~ Ne“ with [ u?(r) dr = 1. 
0 


Show that in the case of the spherical well of Fig. 12.4 of range R and depth Vo, 


; 2Kk’? ee" 


~ (K2-+k2)\(1 +R) 


with k’ = ,/M(V, — B) and k = / MB, where B is the binding energy. Sketch u(r) qualitatively. 
2. Let g(k, r) be a solution of the radial equation with the asymptotic behavior 


VME 


r—>oo:g(k,rn xe’ with k= eet 


Show that the wave function u(k, r) is given by 


u(k, r) = g(—k, r)g(k) — g(k, —r)g(—k),  g(k) = 8(k,r=0), 
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and that the S-matrix element S(k) is 


— 92id(k) _ g(k) 
S(k) =e a 


3. We analytically continue g(k, r) to complex values of k. Show that 


ok o* a * 1 
s(k.r)=g(-k’,r),  S*(k*) = RO) = S(—k). 

4. Calculate g(k) and S(k) for the spherical well and show that g(k) is an entire function of k (that 
is, it is analytic for all k). 

5. It can be proved that g(k) is analytic in the half-plane Imk < y/2 for a potential which falls off 
more rapidly than exp(—r) when r — oo. This result will be used in the rest of this exercise. 
Show that if S(k) has a pole on the imaginary axis, k = ik, 0 < k < w/2, this pole corresponds 
to a bound state of the potential. Show that if S(k) has a pole at k = h—ib, |b| < w/2, then 
necessarily b > 0. 

6. The case of the pole at k = h—ib, b> 0, is that of a resonance. Show that a choice for S(k) 
satisfying the conditions of question 3 is 


(k—h—ib)(k+h-ib)  k—h-ib 


S(k) = ~ 
(*) (k—h+ib\(k+h+ib) k—h+ib 


fork ~h. 


Assuming that b < h, find the behavior of the phase shift 6(k) as a function of k by showing 
that 
h—-k 


coté = ——. 
b 


Prove that 6 passes through 7/2 for k =h and that the cross section can be written in the 
so-called Breit-Wigner form: 
2h? nT? /4 
a=— / 
ME (E-E,)*+h?I?/4 


(12.72) 


Relate Ey and I to b and h. Show that h = 0 corresponds to a virtual state. 
7. Prove the relation 


) du’ |’ 4 0 
Fpl al = 2k [ rind. a= — 
0k dk J}o 0 or 


By studying this expression for r + 0 and r — oo, show that near a pole k = ik 


~iN? 
S(k) x 5 
e) k—ik 
8. Show that the function 
., a(k) + a(—k) 
k cot 6(k) = ik ———->—— 
g(k) — g(—k) 


is analytic in k near k = 0, that it tends to a constant for k — 0, and that it is an even function 
of k. Show that we can write 


1p a 
kcot 6(k) = are rok? + O(k"). 
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= ( =) ; 2k 
H=- 1-— — ° N= 


K Ka 1—K1r 


Demonstrate the relations 
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between the deuteron parameters (x, N) and the low-energy scattering characteristics 
(a, rp). Calculate ry given that B = 2.22 MeV and a = 5.40 fm and compare this with the 


experimental result 7) = 1.73 fm. 


12.5.4 The Born approximation 


1. Calculate the scattering amplitude f,(9), g = k' —k, in the Born approximation when the 


potential has the so-called Yukawa form: 


—pr 


V(r) = Vo = 
Br 


Find do/dQ, and o;,,,- 
. Examine the limit > 0 with V)/~ — e? =const, where the Yukawa potential tends to the 
Coulomb potential V(r) = e?/r. Show that 


da e 


dO 16E?sin* 6/2’ 


(12.73) 


where E = h?k?/2m is the incident energy. This result was obtained by Rutherford using 
arguments from classical mechanics (quantum mechanics did not yet exist!), and it is called the 
Rutherford cross section. This is also the result obtained by a rigorous treatment of the Coulomb 
potential in quantum mechanics. It is remarkable that the Born approximation, which is of more 
than doubtful validity in this case, gives the correct result for the cross section (but not for the 
amplitude f(6)). 


12.5.5 Neutron optics 


. Scattering by a thin plate. We consider a low-energy neutron beam of vacuum wave vector k 
which passes through a very thin plate of thickness 6 perpendicularly to the plate, and at first 
we neglect spin effects. The neutrons are detected after their passage through the plate at a point 
z on the axis Oz perpendicular to the plate, with the origin O chosen to lie at the center of the 
plate. If a neutron is scattered by a nucleus of the plate located a distance s from O, show that 
the probability amplitude for observing the scattered neutron at z is 


a c 
g.=——e,  rast422, 


e 
where a is the scattering length. The probability amplitude for finding a neutron at z is the sum 
of the incident wave exp(ikz) and the wave scattered by the plate: 


el 


kr 
’ 


o(z) =e ay 


where the sum runs over all the nuclei of the plate. Show that 


r 


eikr 


ik 


le <) 


? 


g(z) =e —2ap 6 
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where p is the volume density of nuclei. The limit r — oo gives zero if we average over 


g(z) = (: —2i “) elke 


2. The index of refraction. When the neutrons pass through the plate it behaves like a medium 
with index of refraction n, and so, as in optics, the wave vector is transformed as k — k’ = nk 
or, equivalently, the wavelength A — A’ = A/n. Comparing with the result of question 1 when 
(n—1)k6 < 1, show that 


oscillations, and we find 


27rap ap)? 
n=1- =1= ; 

k? 27 
When n < | a beam of neutrons arriving at grazing incidence on the flat surface of a crystal can 
undergo total reflection (the difference between the indices of refraction of the vacuum and air 


is negligible). If the angle of incidence is (77/2 — 6), 0 « 1, show that critical incidence is 


=a (=) a 
7 
Estimate 0, numerically for the following typical values: A = 1 nm, p = 10? m~?, and a= 10 fm. 
The property of total reflection is used to construct the neutron guides used in instruments for 
neutron optics. 

3. Spin effects: spin-1/2 nuclei. In the following questions we study effects related to the neutron and 
nuclear spins. Taking the results of Exercise 3.3.9 and using (12.46), show that the amplitudes 
St.» f,, and f. of this exercise are given as functions of the triplet and singlet scattering lengths 
a, and a, for spin-1/2 nuclei by 


1 1 
fa=-slata), fr=-5(a-a), fo=—a 


Show that the intensity scattered by the crystal is 


1 7.) , 3N 
J=— (3a, oe a.) » er - = (a, _ i 
16 a 16 , 
where W is the number of scattering nuclei. The first term of J corresponds to coherent scattering 
and the second to incoherent scattering (Exercise 1.6.8). By integrating J over angles we obtain 
the coherent and incoherent cross sections: 


7 377 
Fon = 7 ba +a,)’, ine = a a ay 
In the case of scattering by hydrogen, a, = 5.4 fm and a, = —23.7 fm. Evaluate o,,,, and Gin. 


numerically and show that 0;,,, >> Teo. This property is peculiar to hydrogen, because in general 
the two cross sections are of the same order of magnitude. Show that the scattering length to be 
used in calculating the index of refraction is that defined by coherent scattering: 

1 


Get = GaGa 


dy. 


What is the physical interpretation of the weights 3/4 and 1/4? What is the sign of dg for 
hydrogen? Is it possible to obtain total reflection of neutrons on liquid hydrogen? 
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4. Scattering by nuclei of spin j. We assume that the nuclear scatterers have spin j. Let 


i=J+=¢ 


Nw] >t 


be the total angular momentum of the nucleus + neutron system, where ha /2 is the neutron 
spin operator. Show that the nucleus + neutron scattering amplitude is written in spin space as 
a function of the two lengths a and b as 


-f=at2(z-3). 


Let a, =4j,,/2 and a_ =a;_,,2 be the two scattering lengths corresponding to scattering in the 
total angular momentum states i, = j+1/2. Show that 


a,=a+bj, a_=a—b(j+]) 


and, inversely, 


@2De ae), $5 aa. 


etl Bgl 


5. Coherent and incoherent scattering. If the nuclei and neutrons are unpolarized, what are the 
probabilities that the scattering occurs in the states i, = j+1/2 and i_ = j—1/2? Using the 
results of Exercise 1.6.8, show that the coherent and incoherent cross sections are given by 

47 2 
Och = Boys | Ui t+ Da, + ja_ = 47a’, 
_ 4aj(j+)) 


2 +/ 2 
Cine = (27 +1)? [a,—a_] =4j(j+1)b ? 


Verify that the results of question 3 are recovered when j = 1/2. 


12.5.6 The cross section for neutrino absorption 


1. The goal of this exercise is to calculate the cross section for neutrino absorption by neutrons 
p+p—>nt+et 
in terms of the lifetime of the neutron, which decays via the reaction (1.2): 
n—->pt+e +0. 


The two processes are related because the same interaction, the weak interaction, is responsible 
for both phenomena. The transition matrix element for the calculation of the neutron lifetime 
can be written as 


T 5 = GpM p(P5\¢;); 
where the initial- and final-state wave functions are plane waves normalized in a volume V and 
have the form 


eiP7/h 


7 
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Gy is the Fermi constant, or the weak interaction coupling constant, and M,; is a dimensionless 
spin-dependent matrix element.'* The energy Ey = (m, —m,)c* ~ 1.2 MeV is the energy avail- 
ai in the decay (to an excellent approximation m, = 0). Let p, = 0 (stationary neutron), 
=P,» P = P., and q = p, be the momenta in the initial and final states, and let T = P? /2m, 
‘ the proton kinetic energy and E and cq be the total energies of the electron and the neutrino. 
Energy—momentum conservation can be written as 


P+p+qg=0, T+E+cq=E). 


Show that T can be neglected: T <« E, cq. Let dI’/dE be the neutron decay rate per unit energy. 
It can be shown that there are no correlations between the electron and neutrino momenta. Show 
that under these conditions this rate is written as a function of the density of states D of the 
electron and the neutrino as 
= : GE(|Mgl?) V-* D.(E)D, (E — Fo) 
4a pE 4n (E,—E)* 
COG | eons a \\Gent 8 


where (|M,;|”) represents the spin matrix element summed over the final spins and averaged 
over the initial spins. To obtain the lifetime 7 = 1/T it is necessary to integrate over E. The 
integral 


Eo 
(E>) = { | GE E(Eq — E)*,/ E2 — mc? 


can be calculated exactly, but we shall just use an ultrarelativistic approximation neglecting the 
electron mass: 


E> 
KE) ~ dE E*(Ey— EY’ = 58. 


Find the expression for the lifetime: 


1 G2ES 


Tt 60mh(he)®’ 
What is the dimension of G,,/(hc)*? Estimate G, from the lifetime 7 ~ 900 s and compare with 


the exact value 
Gr 


(ic yp = LIT x10” >GeV~’. 


Show that the differential cross section for neutrino 9 by neutrons is given by 


da 27 


aa = er GH IMal eas 


dQ” he (Qa a 2 


where E is the energy of the positron e*, and obtain 


Gr 
rot ~ = lacs =] (Rc) E’. 


M,; also depends on two dimensionless constants of order unity, the vector coupling constant gy = | and the axial coupling 
constant gq = 1.25. 
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Verify that o,,, does actually have the dimensions of area. Estimate o,,, numerically for 8 MeV 
solar neutrinos, and show that the mean free path of solar neutrinos inside the Earth is measured 
in light-years. 

3. The Fermi theory used in this exercise gives an isotropic cross section: the interaction occurs 
only in the s-wave, / = 0. Using (12.51), show that the result obtained for the absorption cross 
section cannot be valid at very high energy, and estimate the energy beyond which the Fermi 
theory must be modified. This modification is well known: it is the Glashow—Salam—Weinberg 
electroweak theory, a component of the Standard Model unifying the weak and electromagnetic 
interactions, with the Fermi constant related to the electron charge and the W*- and Z°-boson 
masses as Gy ~ e?/My. 


12.6 Further reading 


A discussion of scattering theory more complete than that given here can be found in 
Merzbacher [1970], Chapters 11 and 19; Messiah [1999], Chapters X and XIX; and 
Landau and Lifschitz [1958], Chapters XVII and XVIII. Low-energy scattering theory is 
discussed by H. Bethe and Ph. Morrison, Elementary Nuclear Theory, New York: Wiley 
(1956), Chapters IX to XI, and in C. Pethick and H. Smith, Bose-Einstein Condensation 
of Dilute Gases, Cambridge: Cambridge University Press (2002), Chapter 5. 
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Identical particles 


13.1 Bosons and fermions 
13.1.1 Symmetry or antisymmetry of the state vector 


Let us consider a state |) of two different particles, for example two different oxygen 
atoms !°O and '8O in their ground states, and let |a,) and |b,) be the respective states of 
these two atoms. The states |a) and |b) are, for example, eigenstates of the operators P, 
J,... labeled by the momentum p of the atom, the atomic spin component j,, and so on:! 


la) =|p,j,.....), |b) =|p’,7,,...). 


We use |a, @b,) to denote the two-particle state where particle 1 ('°O) is in the state 
|a) and particle 2 ('8O) is in the state |b); for example,” |a, ®@ b,) = |p, ® p’,). For 
clarity, we can assume that the particles have interacted in the distant past and are in an 
entangled state |’). The tests performed on particles | and 2 are clearly unrelated, as 
they take place in well-separated regions of space, like in the experiments discussed in 
Section 6.3.1. Two detectors D, and D, are used to determine p, J-»--- for each particle: 
D, detects an '°O atom with momentum p and D, detects an '$O atom with momentum 
p’ (Fig. 13.1a), which makes it possible to perform an |a, ® b,) test on the state |‘). 
The probability for the state |‘) to pass the |a, ® b,) test is 


Pwsfa,.b5] = 1441 @b,|P)|’. (13.1) 


One can also imagine the opposite configuration and measure the probability that the 
detector D, records an '8O atom while D, records an '©O atom (Fig. 13.1b). This is 
different from (13.1), as this probability corresponds to an |a, @b,) test, where the '*O 
atom has momentum p and the '°O atom has momentum p’, so that except in special 
cases 


Pw fay.b)] F Pw [a;,b)]° 


' The '6O and !80 atoms have spin 2 (the electronic state is 3P,) and the ground state is five-fold degenerate. If necessary in 
a theoretical argument, this degeneracy can be lifted by the Zeeman effect in a magnetic field. 

> This notation is not ideal. It suggests that particle 1 is in the momentum state p,, and not p, and a better notation would be 
|P); ®@ |p’)>. However, there is no ambiguity in the case of two spins: |+, ®—2), as in (13.14). 
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D, 
P 185 
169 Y 
UW) Ey @) 
16, ~. : 
1-0 
p’ p’ 
D, Dy 


Fig. 13.1. '°O—!8O scattering. (a) The scattering angle 0; (b) the scattering angle (7 — 6). 


Let us now assume that particles | and 2 are identical, for example that they are both 
'6O atoms. If the energies involved in the interaction between these two particles are 
several eV, nothing will a priori distinguish this case from the preceding one, because 
'6Q_'8O and '©O-'°O interactions are strictly identical. This is true up to energies of the 
order of MeV, where differences due to the nuclei begin to be important, and yet the two 
cases can differ radically, even at low energy. When the two particles are identical, it no 
longer makes sense to speak of an |a, ®@ b,) test. It may be convenient to formally label 
the two particles and then speak of an |a, ®b,) or |a, @b,) test, but such labeling has no 
physical significance. It is not physically acceptable to write a state in the form |a, ® b,) 
(except if a = b), because it cannot be stated that particle | is in state a and particle 2 in 
state b or vice versa, since the particles cannot be distinguished. The problem therefore 
is how to correctly define the state |a@b). This state must be physically identical to 
|b@ a) and can only differ by a phase, which may depend on a and b: 


|a@b) = e |b@a), 
|b@a) = el |a@b). (13.2) 
These equations imply that 
e'Fa @ifar — |, (13.3) 


We define the new vectors 
|a@ by’ = e'+/?|a@b), 
|b@a)y’ = e'/?|b@a). (13.4) 
Instead of (13.2) we have 
|b @ ay! = e «/?|b @ a) = e'/?|a @ b) 
= @l(Pa+%a)/?\q @ bY’ = +|a@by’, 


because according to (13.3) 


el Gab+Fpa)/2 = + 1 . 
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It is therefore always possible to choose the phases of the vectors |a@b) and |b@a) 
such that these vectors are symmetric or antisymmetric under the permutation a <= b: 


symmetric |a®b) =+|b@a), (13,5) 
antisymmetric |a®b) = —|b@a). (13.6) 
As a result, the amplitudes (a ® b|‘V) are also either symmetric or antisymmetric: 
symmetric (a@b|V) = (b@a|V), (13.7) 
antisymmetric (a@b|V) = —(b@a|WV). (13.8) 
This property of symmetry or antisymmetry is characteristic of the pair of identical 
particles under consideration. It cannot depend on the states |W) or |a@b). To show 
this, let us assume that for the same pair of particles we have a symmetric amplitude if 
|‘) = |®,) and an antisymmetric one if |‘) = |®,): 
(a@b|®,) = (b@ al), 
(a@b|®,) = —(b@al®,). 


The linearity of quantum mechanics also allows us to choose a state which is a linear 
combination of |®,) and |@,): 


|) = |) (,|¥) + |B) (P,P), 
where we assume for convenience that (®,|®,) = 0. We then have 
(a @b|W) = (a@b|,)(,|¥) + (a@b|®,) (IV). 


This probability amplitude is neither symmetric nor antisymmetric under the exchange 
a <b, and it is physically unacceptable. It is necessary that (®,|‘’) = 0, or that 
(®,|V) = 0, for all states |W). If (®,|W) = 0, transitions Y’ — ®, are forbidden and 
|®,) does not belong to the space of two-particle states. As far as the behavior under 
the exchange of two states is concerned, there are two and only two classes of identical 
quantum particles, and they correspond to two types of amplitude: 


e symmetric amplitudes (13.7), and the corresponding particles are called bosons; 
e antisymmetric amplitudes (13.8), and the corresponding particles are called fermions. 


The bosonic or fermionic nature of a particle space is called its statistics. As we shall see 
in an instant, electrons are an example of fermions, and it is also said that they obey Fermi 
(or Fermi—Dirac) statistics. Photons, which are bosons, obey Bose (or Bose-Einstein) 
Statistics. 

We have already noted that it is convenient to give artificial labels to particles: 1,2,... 
Equation (13.7) implies that the state vector of a system of two bosons will be symmetric 
under an exchange of labels | < 2: 


|4@b)y =~ (la, bs) +4, @D)), (13.9) 
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and (13.8) implies that the state vector of two fermions must be antisymmetric: 
1 

sf 

If the particles have no internal degrees of freedom (spin, etc.), the particle state can be 


characterized by its wave function g,(7) = (r|a) and ¢,(7) = (r|b). The wave function 
of the system in the case of bosons is 


|4® b)p = —z (la, @b.) — la, @b,)). (13.10) 


1 
7,,7,|4@ b)» = —= (¢,(7,)@,(%) + 9,(7 71), 13.11 
(Fi, Fla @ bn = (PF ou) + eEA) (13.11) 
while in the case of fermions 
ae 1 e “ % 2 
(F,,Fla@ Bde = = (ulF)ou(Fa) — 47s) 0(71)) (13.12) 


We have just written down the state vector, or wave function, of two independent identical 
particles without spin. When interactions are present, the wave function will be a linear 
combination of wave functions of the type (13.11) or (13.12), but even when interactions 
are absent the state vector, or wave function, will not be a simple tensor product. 

The space of states for a pair of identical particles is therefore not the entire space 
KH” @H, but only the subspace of vectors that are symmetric under exchange of labels 
in the case of two bosons, or antisymmetric under such exchange for two fermions. These 
two spaces are invariant under time evolution, because the Hamiltonian must be invariant 
under the exchange | < 2: [H, P,,] =0, where P,, is the label permutation operator. 

These results can be generalized immediately to the case of an arbitrary number N 
of identical bosons or fermions: the wave function of N bosons (fermions) must be 
symmetric (antisymmetric) under the exchange of any two labels of two particles. In the 
case of fermions, the wave function can therefore be written as a determinant. Let us 
write it out explicitly for three independent, identical fermions: 


Pal) Paltr) Gal7s) 
Pr(71) Py(%) $,(7s) |- (13.13) 
. (7,) G- (7) P- (73) 


1 
11,1, 3\a@b@c)p = —— 
( LaF 2243 | Tr: 3! 
If for example ~, = ¢, for fermions, the wave function vanishes. This is called the Pauli 
principle, although this “principle” actually follows from the antisymmetrization. It is 


often stated as follows: it is impossible to put two or more fermions in the same State. 
A spectacular effect of quantum statistics is described in Exercise 13.4.5. 


13.1.2 Spin and statistics 


In Equations (13.11) to (13.13) we have assumed that the particles do not have internal 
degrees of freedom, in particular, spin. When internal degrees of freedom are included, the 
exchange of labels must be done for a// the quantum numbers characterizing the particle 
state. In particular, the spin degrees of freedom must be exchanged. It is remarkable that 


442 Identical particles 


spin and statistics are intimately related by the spin—statistics theorem, which states that 
particles of integer spin (0,h, 2h, ...) are bosons and those of half-integer spin (f/2, 
3h/2, ...) are fermions. Photons, which have spin 1, are bosons, and electrons, neutrinos, 
protons, and neutrons, which have spin 1/2, are fermions. The proof of the spin-—statistics 
theorem uses relativistic quantum theory, or the relativistic theory of quantized fields, 
and requires an arsenal of sophisticated mathematics and the mastering of some difficult 
concepts. Therefore, it is unfortunately not possible to give even an intuitive idea of it 
here. It is frustrating to have to acknowledge that there is no elementary argument to 
justify this fundamental result which can be stated so simply.? 

Having made this fundamental statement, we return to the state vectors (13.11) 
and (13.12). As we have just seen, spin-zero bosons can perfectly well exist (examples 
are 7 mesons, *He atoms, and so on) and there is no problem with using a state vector 
like (13.11) to represent the state of a system of two spin-zero bosons. On the other 
hand, the spin cannot be neglected for a system of two fermions and must be taken into 
account in writing down the state vector. The case of greatest practical importance is that 
of spin-1/2 fermions like electrons, protons, neutrons, and so on. According to the results 
of Section 10.6.1, using two spins 1/2 it is possible to construct angular momentum equal 
to unity with the three basis vectors | jm), collectively denoted y,: 


js 1) = +, @+>), 


[1,0) = = (I+, ®-,)+|-, @+)), (13.14) 
[1,-1) =|—, ®-2), 
as well as angular momentum zero: 
l 
X; = |0, 0) = F (418-2) -|-1 @+»)). (13.15) 


It is evident from (13.14) and (13.15) that the three states y, are symmetric under the 
exchange 1 < 2 while y, is antisymmetric. We recall that these states are respectively 
called triplet and singlet states, hence the notation y, and x,. The totally antisymmetric 
state vectors of a system of two fermions are therefore either antisymmetric in space and 
symmetric in spin, 


(7, %|a@ b), = (e.(A en) = alFo) Po(F) ) Xe (13.16) 


1 
V2 
or symmetric in space and antisymmetric in spin: 


ee 1 = a = Z 
CF, Fla @ Bde = (HalF)ou(Fa) + 4a) H(F))X (13.17) 


3 For a proof, see R. Streater and A. Wightman, PCT, Spin and Statistics and All That, New York: Benjamin (1964). The 
situation is similar to that of the Fermat theorem, which can be stated very simply but, as shown by A. Wiles, is extremely 
complicated to prove. See, however, M. Berry and J. Robbins, Indistinguishability for quantum particles: spin, statistics and 
the geometric phase, Proc. Roy. Soc. London A 453, 1771-1790 (1997). 
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As an application, let us assume that two spin-1/2 fermions are in a state of orbital angular 
momentum / in their center-of-mass frame. The angular part of the wave function of the 
relative particle is the spherical harmonic Y/"(7), where r = 7, — 75 is the vector joining 
the positions of the two fermions. Exchanging the labels is equivalent to rf > —F or 
7 — —?. According to (10.71), the parity of the spherical harmonics is (—1)': 


yi"(—#) = (-1)!¥"(). (13.18) 


In the center-of-mass frame, a system of two spin-1/2 fermions is in a state of even orbital 
angular momentum / if its spin state is a singlet, and in a state of odd orbital angular 
momentum / if its spin state is a triplet. It is usual to to denote the total spin as S, the 
total orbital angular momentum as L, the total angular momentum as J, and oe i , the 
state of the two fermions. For example, a “P, state corresponds to $S=1, L=1, J=2 
anda 'D, state to S$ =0, L =2, J =2. The case of two spin-zero bosons is even simpler: 
only states of even orbital angular momentum are allowed. 

The symmetry properties of the state vector of two spins 1/2 can be generalized to the 
addition of any two spins S to form a total spin F= Si + S>, 0 < F < 2s. The symmetry 
property of the Clebsch—Gordan coefficients* 


jm ii +jo—j jm 
Cy amin = coe e - ICT mymy 
shows that states of total spin 2F, 2F —2, ... are symmetric under label exchange, while 
states 2F — 1, 2F —3, ... are antisymmetric. As an application, let us show that these 


symmetry properties affect the rotational spectrum of a homonuclear diatomic molecule, 
that is, a molecule whose two nuclei are strictly identical, of the same isotope, for example 
the 'H—-'H = H, molecule, in contrast to a heteronuclear molecule like 'H—*H or H—D, 
where a proton is replaced by a deuteron D = 7H (the deuterium is an isotope of hydrogen 
with nucleus formed of a proton and a neutron). The dynamics of the nuclei is that of a 
spherical rotator (cf. Section 10.3.1) whose wave functions are the spherical harmonics 
Ye (7), where 7 is the vector joining the two nuclei. The rotational levels, or rotational 
spectrum, are given as a function of j by (10.54): 


ee JG+) 
21 
where / is the moment of inertia. 

If we choose the coordinate origin to lie at the center of the line joining the nuclei, the 
Hamiltonian H of the electrons is invariant under the parity operator II taking 7 > —7: 
[II, H] = 0 (cf. Section 8.3.3). It is then possible to diagonalize II and H simultaneously. 
Let |y,,) be an eigenvector of the electronic state common to H and II. Since II? = /, the 
eigenvalues of IT are +1, IT|w.,) = +]W.,) (cf. (8.52)). In most cases, and in particular that 
of the hydrogen molecule, the electronic ground state corresponds to the + sign, which 
is what we shall assume in the following discussion. The exchange of the labels of the 


4 See, for example, Cohen-Tannoudji et al. [1977], Complement Bx. 
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two nuclei corresponds to rf + —F, and in this operation the nuclear wave function is 
multiplied by the parity of the spherical harmonic (—1)/. If the two nuclei have spin s, 
the total angular momentum F' runs from zero to 2s. The complete state vector of the 
molecule must be symmetric (antisymmetric) under the exchange of the labels of the two 
nuclei if the nuclei are bosons (fermions), and when they are bosons (integer s) there are 
two possible cases: 


e F even and j even, 
e F odd and j odd. 


The result is the same when the two nuclei are fermions (half-integer s). The opposite 
situation could of course arise in rare cases where the parity of |y,,) is negative. In the 
case of the hydrogen molecule, the proton spin is s = 1/2 and F = 0 (parahydrogen) or 
F = 1 (orthohydrogen). The value of F fixes the parity of 7: F = 1 corresponds to odd j 
and F = 0 to even j. There are no restrictions on j in the case of the H—D molecule. 

Another important consequence of the statistics is the appearance of exchange forces, 
which are responsible, in particular, for magnetism. Macroscopic magnetism corresponds 
to the alignment of a macroscopic number of electron spins in the same direction, and 
this alignment creates a macroscopic magnetic moment. If the alignment is produced 
by an external magnetic field and disappears in the absence of this field, the material 
is paramagnetic. If the alignment persists in the absence of the field, the material is 
ferromagnetic (examples are iron, cobalt, nickel, and so on). Ferromagnetism vanishes 
above a certain temperature, called the Curie temperature T.. There is another type of 
magnetism, antiferromagnetism, where the spins are ordered but in alternating directions 
such that the magnetism is zero. This antiferromagnetic ordering also vanishes above 
a certain temperature, the Néel temperature Ty. For a material to be ferromagnetic or 
antiferromagnetic there must be an interaction between the spins which is strong enough 
to align them or arrange them in alternating order. In the absence of such an interaction 
the thermal motion tends to favor a state in which the spins are randomly oriented and 
the magnetism vanishes. This interaction does not originate in the coupling between the 
electron magnetic moments. A simple order-of-magnitude calculation shows that the Curie 
temperature, which is of order 10° K, would be no more than | K for this hypothesis. The 
interaction giving rise to magnetism is the Coulomb repulsion between the electrons in 
conjunction with the antisymmetrization of the state vector, which leads to a competition 
between the kinetic and (Coulomb) potential energy. Let us consider a pair of electrons. 
If they are in a triplet spin state, their spatial wave function is antisymmetric, which 
implies a weak Coulomb repulsion, because the wave function vanishes when the two 
electrons are close together. The kinetic energy is large, because the wave function must 
vary rapidly near the point where it vanishes. The reverse situation occurs when the spin 
state is a singlet. If it is preferable to minimize the potential energy, the two electrons 
will tend to align their spins, which implies a ferromagnetic type of interaction. If on the 
contrary the kinetic energy plays the leading role, we obtain an antiferromagnetic type of 
interaction with alternating ordering of the spins. 
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A consequence of the spin-statistics theorem is that spin-zero particles like *He, !°O, 
and so on are bosons. However, these are composite particles, and it is interesting to 
check the consistency with the spin—statistics theorem starting from their elementary (or 
more elementary) constituents. Naturally, this only makes sense if the particle remains 
intact in the reactions it undergoes, for example because the energies involved are not 
high enough to dissociate the particle into its constituents. Instead of making completely 
general arguments, we shall content ourselves with studying a particular case, that of the 
deuteron. Let |A) be the deuteron state vector and (a ®b|A) = (ab|A) be the amplitude 
for finding the proton in the state |a) and the neutron in the state |b) inside the deuteron, 
where we have suppressed the tensor product to simplify the notation. We introduce a 
second deuteron |A,) assuming for now that there is a quantum number distinguishing 
the proton and neutron of this nucleus from those of the first nucleus. In the spirit of 
quantum chromodynamics, we imagine that we can assign a color to the protons and 
neutrons, green for the first nucleus and red for the second. We will then have a second 
amplitude (a,b,|A,), where the prime indicates that it involves red neutrons and protons, 
while the corresponding amplitude for the green neutrons and protons will be denoted 
(a,b,|A,). Let us construct the two-deuteron state |A, A). The amplitude for finding the 
green proton and neutron in the states a, and b, and the red proton and neutron in the 
states a’, and bj, is, using the properties of the tensor product, 


(a,b, a,b5|A,A}) = (a,b, |A;) (4D5|A3). 


However, we cannot really color protons and neutrons red and green, and so we must 
return to the real world, where the amplitude is given by (a,b,a,b,|A,A,). Since the 
proton and the neutron are fermions, this amplitude must be antisymmetric under the 
label exchanges a, < a, and b, = b,: 


(a,b, ayb,|A\ Az) = (a,b, |A,) (ayby|Az) — (ayb,|A}) (a, b2|Az) 
— (a b,|A,) (ayb;|Az) + (42b3|A;) (a, Ad). 
This amplitude is symmetric under the exchange A, = A), 
(ab, ayby|A, Az) = (a,b, 4,b,|A2 Aj), (13.19) 


and the deuteron is therefore a boson. In general, a particle composed of an even number 
of fermions is a boson, and one composed of an odd number is a fermion. The proton, 
made of three spin-1/2 quarks, is a fermion, while the 7 meson made of a quark and an 
antiquark is a boson. The *He atom, made of two protons, two neutrons, and two electrons, 
is a boson, whereas an isotope of it, namely the *He atom made of two protons, one 
neutron, and two electrons, is a fermion, which leads to completely different behaviors of 
these two isotopes at low temperatures. It should be noted that these results are compatible 
with the spin-—statistics theorem, because given an odd number of particles of half-integer 
spin we can only make a particle of half-integer spin, a fermion, while given an even 
number of particles of half-integer spin we can only make a particle of integer spin, a 
boson. 
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13.2 The scattering of identical particles 


Let us return to Fig. 13.1, which we can interpret as describing '°O—'*O scattering in the 
center-of-mass frame. We assume that the ground-state degeneracy is lifted by a magnetic 
field, and the atoms are in the lowest Zeeman level (cf. Section 14.2.3). Let f(@) be the 
amplitude for scattering at the angle @ in Fig. 13.1la; the two oxygen atoms are deflected 
by the angle 0. The scattering amplitude of Fig. 13.1b then is f(7 — 0); the two oxygen 
atoms are deflected by the angle 7 — @. Let us assume the most plausible situation, namely 
that the detectors D, and D, do not distinguish between the two isotopes. The counting 
rate of detector D, (and also of D,) will then be proportional to 


p(A) = [f° +1 fm — 9))°. (13.20) 


This result also gives the differential cross section (12.12) da/dQ. In (13.20) we have 
added the probabilities, because the final states ['°O in D,, '8O in D,] and ['°O in D,, 
'8Q in D,] are different final states, even if in practice the detectors are incapable of 
distinguishing between them. In calculating the total cross section we multiply (12.2) by 
1/2 in order to avoid double counting (or, equivalently, we restrict the integration over 
@ to the range 0 < 6 < 77/2): 


Oo = 5 [ AO (KOP + LATO). (13.21) 


Let us now turn to '°O—!8O scattering. Although the atomic physics interactions between 
the two isotopes are strictly identical, the results in this case are totally different. The 
processes of Fig. 13.la and 13.1b can no longer be distinguished, even in principle, and 
so the amplitudes must be added. The scattering amplitude (0) is defined by formally 
labeling the two particles, particles 1 and 2 being deflected by an angle 6. Exchange 
of the two atoms corresponds to 0 <> a — 9. The total amplitude is obtained by adding 
f(0@) and f(a — @), with the + sign being imposed by the symmetry under the exchange 
6 <> 7 —9. Instead of (13.20), the probability for triggering D, is 


p(A) = | (0) + f(a — 6)? (13.22) 


and the total cross section becomes 
1 ‘i 7/2 : 27 é 
Ga = 5 | ADI) + flr—OP =f sinead [” ad|f(8)+ fH. (13.23) 
0 0 


The addition of the amplitudes suggests that the differential cross section can exhibit 
interference-like patterns, and this has actually been observed in numerous cases. We 
note that when the parity of the Legendre polynomials P;(—u) = (—1)!P,(u) is taken into 
account, only even values of / are involved in the partial-wave expansions of 


Foo) = f+ A7— 9), fro () = for (7 — 9). 


In the above example we considered the scattering of two spin-zero bosons. The discussion 
becomes a bit more complicated when the particles have spin. Let us limit ourselves to 
the scattering of two identical spin-1/2 fermions, for example, two neutrons. In this case 


13.2 The scattering of identical particles 447 


as in Section 12.2.4 we can define a scattering amplitude Fi (0) which is a 4 x 4 matrix 
in the tensor product space of the two spins. If P, and P, are the projectors on the triplet 
and singlet states, and if the scattering does not change the total spin, we can write 


f (0) = [f,) + f(r — 0) ]P.+[ 4.8) — f(a — 9) ]P,, (13.24) 


which ensures the space + spin antisymmetry of the amplitude. If as in (12.16) we expand 
[f,(0) + f(a — @)] and [f,(0) — f,(a — 6)] in partial waves, the scattering will occur in 
the waves with / =0,2,... (or the s, d, ... waves) for neutrons in the singlet state, and in 
the waves with /= 1,3,... (or the p, f, ... waves) for neutrons in the triplet state. The 
cross section is obtained as in Section 12.2.4. If the initial polarization of the set of two 
neutrons is denoted by a and the final polarization by B, the differential cross section 
will be 

“Tex. — (8) 7(0)la)F (13.25) 
dQ, 
If the polarization of the final neutrons is not measured we must sum over P, and if the 
initial state is an incoherent superposition of polarization states |@) with probability p, 


we have 


da at ‘ 
an = DP XKalf'IB){Blfla) 
= Yp,(alf fla) =Tr(p.f f), (13.26) 


where p,, 1s the initial state operator of the spin states: 
Pin = 2 Pal) (a. 
a 


When the initial neutrons are not polarized, p,, = 1/4 and 


da 


1 AT A 1 tot tot tot tot 
ED am = TPA) = GTR HARE. + °9)| 


unpol 4 


| 0 te) 1 re) 3 ce) 
= ater? + era] =o ar +S ee 


= FIAO+ Ar -OP +5 1A) Kr—OP. (13.27) 


The weights 1/4 and 3/4 arise, of course, from the fact that there are one singlet state and 
three triplet states. The total cross section is obtained using (13.23). For spin-independent 
scattering f, = f, = f, which is the case in the Coulomb scattering of two charged 
particles, for example two electrons (Exercise 12.5.4): 


S| = IAAP + Alor OP Rel Of" 0)], 

unpol 

and the interference term is reduced by a factor of two compared with that which would 
be obtained in the scattering of two spin-zero fermions (forbidden by the spin-statistics 
theorem!). 


448 Identical particles 


13.3 Collective states 


The statistics has a decisive influence on the behavior of a system of N identical 
particles, N > 1, that is, on the collective behavior of such a system. Let us begin with 
fermions and examine the case of N fermions without interactions. We can, for example, 
assume that these NV independent fermions are located in a potential well in which the 
energy levels ¢, of an individual particle are labeled by an index ¢. The index @ represents 
the complete set of quantum numbers needed to specify the ¢th state: the momentum, 
spin, and so on. It may perfectly well happen, and is the case in general, that several levels 
€, correspond to the same energy. In other words, the energy levels of the Hamiltonian 
of a particle in the potential well are degenerate. Let us try to construct the ground-state 
level of the ensemble of N fermions. Since at most one fermion can be put in a state &,, 
the state of lowest energy is obtained by filling the levels one by one starting from the 
lowest, until the N fermions have all been placed (Fig. 13.2). The state of highest energy 
Ep max that the last fermion is placed in is called the Fermi level and denoted as &,.° Let 
us take the potential well to be a cubic box of volume V; a set of fermions in a box is 
called a Fermi gas. The quantum state of a fermion is then specified by its momentum 
p and spin component m,: € = {p, m,}. In the absence of an external field the energy is 
purely kinetic, ¢ = p?/2m, and independent of m,. Each value of p corresponds to 25+ 1 
states of the same energy, and according to (9.152) the sum over £ becomes 


2s+1 
Y= =H24+)N> CHOY far. (13.28) 
© pm, 5 
E] 
ep 
Ey 


Ey 


Fig. 13.2. Filling of the levels of a Fermi gas. 


> From the viewpoint of thermodynamics, this system of fermions is a system at zero temperature T = 0. The Fermi level is 
also the chemical potential, because at zero temperature the chemical potential is the energy needed to add a particle. At 
nonzero temperature the occupation probability of the levels above the Fermi level is nonzero, and the chemical potential no 
longer coincides with the Fermi level. 
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To the Fermi energy €, corresponds the Fermi momentum pr: 


2 


= - or, in general, e, = JV pc? + m2c4 — mc’. (13.29) 


Since the energy is an increasing function of p, all states {p, m,} such that p < p, will 
have occupation number equal to unity. It is now straightforward to calculate the Fermi 
momentum: 


(25+ 1)V . (2s+1)V 47 , 
N= | dp = ———— — p;. 13.30 
h3 _ Dp h3 3 Pr ( ) 
If n = N/YV is the fermion density, then 
rs 2 1/3 
= lor | An", (13.31) 


This equation is valid at both nonrelativistic and relativistic energies. The sphere of radius 
Pr is called the Fermi sphere and its surface is the Fermi surface. These ideas can be 
generalized to solid-state physics, where the symmetry is no longer spherical symmetry, 
but a symmetry determined by the crystal lattice. The Fermi surface, which then has 
a shape more complicated than a sphere, is a fundamental object in the study of the 
electromagnetic properties of metals. From (13.31) we obtain the Fermi energy in the 
nonrelativistic case where ¢ = p*/2m: 


2 67r2 2/3 2 
po CE 2 Ph, (13.32) 
2m 2s+1 2m 


The usual case is s = 1/2. The Fermi energy is the characteristic energy of a system of 
N fermions in a box of volume V. 

It is useful to perform an order-of-magnitude calculation in the most important particular 
case of a Fermi gas, that of the conduction electrons in a metal. Let us take the example 
of copper, with mass density 8.9 gcm~> and atomic mass 63.5, which corresponds to a 
number density n of 8.4 x 107 atoms per m*. Since copper has one conduction electron 
per atom, this is also the electron number density. Substituting it into (13.32) with s = 1/2, 
for the Fermi level we find ¢, ~ 7.0 eV. This is typical for the conduction electrons of a 
metal: the Fermi energy is several eV. 

Let us now calculate the energy of the Fermi gas. According to (13.28) with s = 1/2, 


we have 
Vr Pp 3 
E= "dp | — ) == Nep, 13.33 
mp, ? » (=) 5 Ner (13.33) 


where we have used (13.30) for p, as a function of N in the case s = 1/2. Another 
interesting expression is that for the energy per particle E/N: 


E 3h? 
— = 39’ )h—— 7", (13.34) 
N 10m 


The average kinetic energy of a particle grows as n7/?. If we now take interactions into 
account in the case of an electron gas, the average potential energy is of order e?/d, 
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where d «x n~'/3 is the average distance between two electrons. The average potential 


energy per particle then is « n'/*, and the denser the Fermi gas, the more the kinetic 
energy «n’/? wins over the potential energy. This result is the opposite to that for a 
classical gas: in contrast to the latter, a Fermi gas approaches an ideal gas more closely 
the higher its density. 

An intuitive picture of a Fermi gas can be obtained by noting that the momentum 
dispersion Ap is of order p;, whereas the order of magnitude of the position dispersion 
is V'/3. From (13.31) we then find 


Ap Ax ~ AN", (13.35) 


Owing to the Pauli principle, the / of the Heisenberg inequality is transformed into hN'?. 


The situation regarding bosons is more complicated than that of fermions. It is neces- 
sary to distinguish between the cases where the number of bosons is variable (photons, 
phonons, and so on) and where it is fixed (helium atoms). In the latter case, at strictly zero 
temperature the ground state is obtained by putting all the bosons in the lowest state &,. 
The problem is to show that if the temperature is not zero, a finite fraction of the bosons 
remains in this ground state. This is called Bose-Einstein condensation. This condensa- 
tion does not occur in all cases, for example it does not occur in a two-dimensional box, 
but it does occur in a three-dimensional one. The temperature at which Bose-Einstein 
condensation occurs can be estimated by noting that the two characteristic lengths of the 
problem, the thermal wavelength A, and the average distance between bosons d «n°, 


must be of the same order of magnitude: A; ~ n~!/3. This estimate is confirmed by an 
exact calculation. Using 
h2 1/2 
A, = {| ——— ’ 13.36 
(5775 ( ) 


the condensation temperature is given by A; = 2.61 n~'/?.° Bose-Einstein condensation 
has recently been observed for gases of alkali atoms at very low temperature and for 
polarized hydrogen. We refer the interested reader to the References. 


13.4 Exercises 
13.4.1 The Q~ particle and color 


The ~ hyperon (of mass 1675 MeV c~”) is a spin-3/2 particle composed of three strange 
quarks of spin 1/2. The quark model requires that the spatial wave function not vanish. 
Show that the three quarks cannot all be identical. In the early 1970s (in the early days 
of quantum chromodynamics) this observation provided one of the arguments in favor 
of the introduction of the concept of “color” making it possible to distinguish between 
quarks; the three quarks of the (2~ have different colors. 


© The wavelength A; is the de Broglie wavelength of a particle of energy ~ky7. The factor 277 is a convention. 
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13.4.2 Parity of the 7 meson 


1. If low-energy 7 mesons are allowed to hit a deuterium target, the mesons can be captured 
and form bound states analogous to those of the hydrogen atom. Give the expression for the 
energy of these 7-meson—deuteron bound states using the fact that the 7-meson mass is of order 
139 MeV c~? and the deuteron mass is 1875 MeV c~*. The m-meson is captured in a state of 
high principal quantum number n and terminates its radiative cascade in the 1s ground state’ 
after emitting photons. Show that the energy of these photons must lie in the X-ray region. 

2. Once it has arrived in the 1s state, the 7 meson undergoes a nuclear interaction which leads to 
the reaction 


a +?H—>n-4+n 


with two neutrons n in the final state. Using the fact that the spin of the deuteron is | and that of 
the m meson is zero, what is the initial angular momentum state of the reaction? Show that the 
two final neutrons can only be in a state of total orbital angular momentum L = 1 and total spin 
S = 1, that is, in the *P, state. If, following convention, we assign positive parity to the nucleons 
(protons and neutrons) and use the fact that the deuteron orbital angular momentum is zero (the 
deuteron is a *S, state),* show that the 7 meson has negative parity. Parity is conserved in the 
reaction. 


13.4.3 Spin-1/2 fermions in an infinite well 


We consider two identical spin-1/2 fermions in an infinite cubic well of side L. If these 
two fermions do not interact with each other, what are the possible eigenvalues of the 
total energy and the corresponding wave functions (space and spin)? We assume that the 
two fermions interact via a potential 


where 7, and 7, are the positions of the two fermions. Show that triplet states are not 
affected by this potential. 


13.4.4 Positronium decay 


Positronium is an electron—positron (e~-e*) bound state; the positron is a particle with 
the same mass m, as the electron and opposite charge —q,. 


1. In this question we neglect the spins of the two particles. Given that the energy levels of the 
hydrogen atom for an infinitely heavy proton have the form (e? = q2/477€,) 

Eo 1 m.e* 1 

E Se ae ie Pe n= 1,253) ces, 


what are the energy levels of positronium? 


7 The nuclear reaction also has a small probability of occurring in a state ns, n 4 1, that is, for states where the probability 
density is nonzero at the origin. However, this does not change the argument. 
8 The deuteron also has a small d-wave component and therefore a 3D, component, but this does not affect the argument. 
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2. The electron and the positron have spin 1/2. The state of lowest energy, the ground state with 
n= 1, has orbital angular momentum / = 0 (s-wave). What are the possible values of the total 
angular momentum j of positronium in this n = | state? 

3. Positronium in its ground state decays into two photons:? 


e +et > 2. 


In the positronium rest frame the two photons leave the decay point with opposite momenta. 
We choose the axis Oz to be the direction of the photon momentum. Using angular momentum 
conservation, show that the two photons necessarily have the same circular polarization, either 
right-handed or left-handed. Hint: sketch the decay. 

4. By examining the effect of a rotation by 7 about the axis Oy and taking into account the fact 
that the two photons are identical, show that only one of the two states of angular momentum j 
of positronium can decay into two photons.!° 

5. Let II be the parity operator acting on the state |A) of a particle A as II|A) = ,|A), where 1, 
is the parity of A. It can be shown that 7,-1.4 = —1. Deduce that the parity of the ground state 
of positronium is —1. The two possible states of the two photons can be written as 


= (IRR)+|LL)), (i) |®_)= = (JR) — [LL)), 


where |R) and |L) represent the right- and left-handed polarization states. Which of the states 
(i) or (ii) is obtained in positronium decay,'! given that parity is conserved? 


() |®,)= 


13.4.5 Quantum statistics and beam splitters 


1. Let a and b be two identical modes of the electromagnetic field (e.g. identical wave packets), 
arriving at a beam splitter, one of them horizontally and the other one vertically. Using the 
results of Exercise 1.6.6, show that the beam splitter couples the two modes through an operator 
U(@) as follows 


U'(0)aU(0) = acos@+ibsin@ 
U'(0)bU(0) = bcos 6 +iasin 8. 


Here a and b are field operators which destroy photons in the modes a and b. Therefore, a 
transmitted photon has a nonzero probability amplitude of being exactly in the same mode as 
a reflected photon at the beam splitter output. A symmetric beam splitter (Exercise 2.4.12) has 
0= 7/4. 

2. Show that U(@) can be written in the form of an evolution operator, U(@) = exp(—i@G), with 


G=a'b+bia. 
G plays the role of an effective Hamiltonian for mode coupling. Hint: use (2.54) to compute 


el9G [a/b] e 9G. 


° The decay e~ +e+ — y is forbidden by energy-momentum conservation. 

'0 The other state must decay into three photons. 

'! Correlations in the polarizations of the two photons have been measured by C. Wu and I. Shaknow, The angular correlations 
of scattered annihilation radiation, Phys. Rev. 77, 136 (1950), who were able to verify that the parity of the ground state is 
indeed —1. 
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. Assume that each of the modes contains exactly one photon, so that the initial state is 


|W) = | 1a, 14). 
Find the beam splitter output 
|v) = U(A)|V), 
and show that for 0 = 7/4 
l 
RD) 


Out of the four possibilities at the beam splitter output, only two are physically realized, those in 


|v) = (|2,,9,) +|0,, 2;)). 


which the two photons stick together, while the situation where the two photons are in different 
beams does not occur (Fig. 13.3). This is an interference effect, a spectacular consequence of 
Bose-Einstein statistics,!*, which contradicts Dirac’s statement: “a photon can only interfere 
with itself.” 

. Suppose now that the incident particles are fermions, We neglect spin and interactions. Show 
that the antisymmetry of the state vector requires ({A, B} = AB+ BA is the anticommutator of 
A and B) 


{a, a‘} = (b, b'} =I, 
all the other anticommutators being zero 
{a, a} =--- = {a, b'} =0. 
Show that the preceding operator G is now replaced by 
G =ab' —a’'b, 


and compute the action of U(@) = exp(—i9G) on the operators a and b as in question 1. What 
happens if one starts with an initial state |1,, 1,,) at the entrance of the beam splitter? 


a? 


(b) 
(a) 


Fig. 13.3. If 6 = 7/4, one cannot have one photon in mode a and the other in mode B at the exit 
of the beam splitter. Both photon must exit in the same mode. 


'2 C. Santori, D. Fattal, J. Vukovic, G. Solomon and Y. Yamamoto, Indistinguishable photons from a single photon device, 
Nature 419, 594 (2002). See also Ph. Grangier, Single photons stick together, Nature 419, 577 (2002). 
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13.5 Further reading 


An excellent discussion of identical particles accompanied by numerous examples is 
that of Lévy-Leblond and Balibar [1990], Chapter 7. See also Feynman et al. [1965], 
Vol. III, Chapter 4; Cohen-Tannoudji et al. [1977], Chapter XIV; and Basdevant and 
Dalibard [2002], Chapter 16. Collective states are studied by Le Bellac et al. [2004], 
Chapter 4, which contains an introduction and references to Bose—Einstein condensates 
of atomic gases. A very complete treatment of such condensates is given in C. Pethick 
and H. Smith, Bose-Einstein Condensation of Dilute Gases, Cambridge: Cambridge 
University Press (2002). 
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Atomic physics 


This chapter is devoted to an introduction to atomic physics which will be mainly 
concerned with one-electron atoms. After a brief discussion of the perturbation and 
variational methods in Section 14.1, in Section 14.2 we study the fine and hyperfine 
structure of the energy levels as well as the effect of a magnetic field on these levels. 
In Section 14.3 we examine the coupling of an atom to an electromagnetic field and 
important applications of this coupling such as the photoelectric effect and the rate of 
spontaneous emission. In Section 14.4 we give a brief introduction to a subject which has 
been expanding enormously in the last twenty years, the laser manipulation of atoms, and 
we discuss Doppler cooling and magneto-optical traps. Finally, Section 14.5 is devoted 
to a short discussion of two-electron atoms. 


14.1 Approximation methods 
14.1.1 Generalities 


In classical physics it is only in exceptional cases that it is possible to solve the Newton 
or Maxwell equations analytically given the initial conditions at time f = f) and, in the 
first case, the forces, or, in the second, the sources of electromagnetic field. In general, 
it is necessary to resort to an approximation method such as numerical integration of the 
equations, the perturbation method, or something else. The situation is no different in 
quantum physics: only in exceptional cases do we know how to “solve the Schrédinger 
equation” exactly, that is, how to obtain the time evolution of the state vector |g(r)) as 
a function of its value |g(t))) at initial time t =f). In the case where the Hamiltonian 
is time-independent, which is what we shall consider in this section, knowledge of this 
time evolution implies that we know how to diagonalize the Hamiltonian, that is, find 
its eigenvalues and eigenvectors. Except in some special cases (the square well, the 
harmonic oscillator, the hydrogen atom, and so on), we do not know how to diagonalize 
the Hamiltonian exactly, and approximation methods such as numerical integration or the 
perturbation method must be used. 

In this section we shall present the method of time-independent perturbation theory. It 
consists of starting from a Hamiltonian Hy which we know how to diagonalize exactly, and 
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then perturbing it by adding a term W which gives the “exact” Hamiltonian H = H) + W 
within some predefined domain of approximation (cf. Section 4.3). We write 


H(A) = Hy) +AW, (14.1) 


where we have introduced a real parameter A such that H = Hy if A=0 and H=H)+W 
if A= 1. If A > 0, we can hope that the perturbation AW is in some sense “small” 
compared with H).' It may happen that it is possible to effectively vary A. For example, if 
AW corresponds to the interaction of an atomic system with an external electromagnetic 
field, the value of this external field and therefore also A can be varied at will, and A > 0 
if the field is made to vanish. However, in general the perturbation is fixed by physical 
conditions that cannot be changed. In this case A is a fictitious parameter that we vary 
artificially, and then at the end of the calculations we set it to its physical value A = 1. 
We have already used this trick in the introduction to time-dependent perturbation theory 
in Section 9.6.3, where we wrote the perturbation as AW(t) and then took A = 1 at the 
end of the calculation. 

We therefore assume that the spectrum of Hp is known. Let EY be its eigenvalues and 
|n, r) its eigenvectors, where r is the degeneracy index as in Section 2.3.1: 


Hy|n, r) = EX” |n, r). (14.2) 


We seek the eigenvalues and eigenvectors of H(A) in the form of series in powers of A, 
called perturbation series. If H(A)|g(A)) = E(A)|g(A)), we can write the series for the 
eigenvector |p(A)) and the energy E(A) as 


|P(A)) = |G) FAlG,) FA7|Go) +°* (14.3) 
EQ) = EO AB EVRY ese. (14.4) 


If A=0, |g(A =0)) =|) =|n, r) and E = E\”. Our implicit hypothesis is that a series 
in A with nonzero radius of convergence exists or, in other words, that the energy is an 
analytic function of A at the point A = 0. Two cases must be distinguished. 


e The eigenvalue pe of H) is simple: then we have the case of nondegenerate perturbation 
theory. 

e The eigenvalue Eo of Hp is degenerate with degeneracy N: then we have the case of degenerate 
perturbation theory. 


We shall discuss these two cases one after the other, without entering into the details of 


the general method of calculating to all orders in A. We limit ourselves to the lowest 
nontrivial order in A and refer the reader to the classic texts for the general case. 


' Rigorously proving that one operator is “small” compared with another is a most delicate mathematical problem. 
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14.1.2 Nondegenerate perturbation theory 


We start from H,|n) = EX” |n) and set |@)) =|n) with (gp|@)) = 1, as well as Ey = E\” 
in order to simplify the notation. In practice, we shall be interested in the perturbative 
expansion (14.4) of the energy, treating the perturbative expansion (14.3) of the vector 
|p(A)) as auxiliary to the calculation permitting us to fix |p(A)) by a convenient condition: 
(Qo |G(A)) = (@o|Go) = 1. With this condition |g(A)) is in general not a normalized 
vector, but it is always possible to make it one if we wish. Through order A we have, on 
the one hand, 


H(A)|(A)) = Holo) + AW| Go) + AMOI G1), 
while on the other 
A(A)|g(A)) = (Eo + XE,)|e(A)) = Eo|¢o) + AE, Io) + AEo| 1); 


from which, identifying the terms of order A, 


W|Qo) + Hol¢1) = E:|¢0) + Eol¢1)- 


Multiplying the two terms of this equation on the left by the bra (@gp| and using (@)|Hy = 
E(@o|, we obtain? 


E, = (Go|W|@o), (14.5) 


and so, denoting by AF, the energy difference between the cases A 4 0 and A = 0 to first 


order in A, we can write 
AE, = A(Go|W|¢o) | : (14.6) 


The order-A” term is also found fairly easily (Exercise 14.6.1): 


|| W|n) |? 
(n) (k) 
kzn Ey” — Ey 


AE =~ 


(14.7) 


As an application, let us calculate the shift of the levels of the one-dimensional harmonic 
oscillator acted on by an anharmonic perturbation proportional to q*: 


ae (14.8) 


From the result of Exercise 11.5.1 and (14.6) we obtain the shift of the nth level through 
order A: 


3 
AE\” = Mie (2n* + 2n +1). (14.9) 


Even if A is small, the result diverges for large n, because the larger n is the more 
important the wave function is at large values of qg, and therefore the more important 


> This expression (14.5) can be obtained directly using the Feynman—Hellmann theorem; see Exercise 4.4.3, Eq. (4.35). 
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the perturbation « g* is: the perturbation AQ* is never “small.” We have begun with the 
hypothesis that there exists a series in powers of A with nonzero radius of convergence. In 
practice, this hypothesis of analyticity at A = 0 is not always satisfied, and the anharmonic 
oscillator we have just studied provides an example of this. Actually, it is easy to see 
in this case that E™ cannot be analytic at A = 0, because the nature of the Hamiltonian 
changes abruptly at this point. For A > 0 it is bounded below and bound states are present, 
but for A < 0 it is no longer bounded below and the problem becomes meaningless, unless 
one adds, for example, a A’g°, A’ > 0 term to avoid the difficulty. The perturbative series 
is therefore no longer meaningful for A < 0, and it gives an example of an asymptotic 
series, which gives good results for A > 0 if sufficiently few terms are kept, but which 
diverges if we try to keep too many. This type of series is well known in mathematics. 
A good example is the Stirling formula valid for n > 1: 


n\n 1 1 
TE eee ee ne ar ee ec oe 14.10 
ee a (=) a ( * Ton t 288n2 f ) lea 


which is a nonconvergent asymptotic series in powers of 1/n. Sophisticated methods 
have been developed for summing such asymptotic series. 


14.1.3: Degenerate perturbation theory 


Let us now consider the case of a degenerate level, using A to denote the subspace of 
dimension N of the eigenvalue E\”. The projector P” on AH) is written as 


N 
P™) => |n,r){n, rl. (14.11) 


r=1 


In the subspace H”) the operator W is represented by an N x N matrix with elements 


Ww") = (n, s|W|n, r) which can be diagonalized. The eigenvectors |g\"”) of W in ¢™ 


are linear combinations of the |n, r): 


N 
(n,q) 
leo" “ = > |n, ar 
f=l1 


Wey?) = Ey? ley"). 


The coefficients c,,. are of zeroth order in A since W can be diagonalized without affecting 


qr 


H,, which is a multiple of the identity in H™: 
(n,q) (n)_ (n,q) 
Hy|po" ) = Ey’ Po" )- 


The diagonalization of W in A” gives the result for the energy through order A. We 
recover the results of the nondegenerate case by taking the dimension of H”) equal to 


3 See, for example, J. Zinn-Justin, Quantum Field Theory and Critical Phenomena, Oxford: Oxford University Press (1989), 
Chapter 37. 
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unity. In summary, through order A we can calculate the energy levels and eigenvectors 
as for a system with a finite number N of levels by diagonalizing the matrix representing 
H,+AW in H, In fact, an approximation by a system with a finite number of levels is 
often obtained by neglecting the interactions between the subspaces H). A final remark 
is that the quasi-degenerate case should also be treated by this method. 


14.1.4 The variational method 


We shall again limit ourselves to the study of a simple case, that of finding the ground- 
state energy, and leave the use of the variational method in other cases to the classic 
texts. Let E, be the ground-state energy of a Hamiltonian H and |0) be the corresponding 
eigenvector 


H|0) = E,|0), 


and let |g) be an arbitrary unit vector in the Hilbert space of states. We write the 
expectation value of H in the state |g) by decomposing |g) on the basis of eigenstates 
|n) of H, H|n) = E,|n): 


(GIA 9) = Voc en(m|H|n) = 7 En lenl”- 


We find that 
(plH|¢) — (0|H|0) = 7(E, — Ep) Ic, |? = 0, (14.12) 


where we have used >~, |c,|? = 1 and E, > Ey. The variational method consists of 
specifying a trial vector |p(@)) depending on a parameter a, or several parameters @,, 
which we try to choose to be as close as possible to the assumed form of |0). The 
result (14.12) shows that 


(H)(a) = (¢(@)|H|¢(@)) > Ep. 
Within the framework of the chosen parametrization, the best result for Ey will be obtained 
by seeking the minimum of (H)(qa): 
d 
—(H)(a) =O; (14.13) 
da a=ag 


and an upper bound on E, is 


Ey S (P(Q)|H|e(a)). (14.14) 


To compare two different choices |g(@) and |@(@8)) we compare the two minima. The 
best choice will be the one that gives the smallest value of (H). The generalization to a 
vector depending on several parameters @,,...,@, is immediate: we seek the minimum 
of (H) using 


a 
so (H)(a1.-.-a))| = 0. 


ss 
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As an example, let us study the variational calculation of the ground state of the harmonic 
oscillator, choosing the trial wave function to be a normalizable function of unit norm: 


Dk 1 

= =,/— a? —_. 14.15 
(x19(@)) = Pala) =f = NUP, (14.15) 

The integrals needed in the following calculations can be derived from the expression 

calmameg. 5 7 
ie i ra 14.16 
(ONE: Saag = ee (14.16) 
by differentiating /(@) with respect to a’. Starting from the form (11.9) of the Hamiltonian 
of the harmonic oscillator, we calculate (H)(a): 


1 00 do, \* 
(H)(a) = ~ho / dx| (2) +.2¢2(x) 
2 —co dx 
1 1 
= —hw E= + | : 
a 
The first term in the square brackets is the kinetic energy and the second is the potential 
energy. The value of (H)(q) is a minimum for a? = a2 = 1/./2 and 
hw 
7 


(H) (a) = Ey = 


hw 
> 
V2 
For a = a the average kinetic energy and the average potential energy are equal: 


Ls uy hw 

~mw’ {X’) = —. 

The choice (14.15) for the trial wave function is not very good (the error is ~ 40%), 
because this wave function decreases much too slowly at infinity. If we use a Gaussian 
trial wave function, we of course find the exact result hw/2. The power of the variational 
method will be illustrated in Section 14.5.1. 


=P’) = 


14.2 One-electron atoms 
14.2.1 Energy levels in the absence of spin 


In Chapter 10 we studied the spectrum of the hydrogen atom, which has a single electron. 
An immediate generalization can be made to the ions He*, Li**, etc. When there is more 
than one electron, it is no longer possible to analytically solve for the energy levels. It is 
necessary to resort to approximation methods, which are sometimes very accurate, as in 
the case of light atoms and, in particular, helium (Section 14.5). Alkaline atoms can also 
be treated using a simple approximation. Actually, to a first approximation an alkaline 
atom is an atom with a single outer electron subject to the effective potential produced by 
the nucleus and the other (Z — 1) electrons, called the inner-shell electrons. The spectrum 
is therefore similar to that of the hydrogen atom, with the difference that no degeneracy 
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is observed between levels of different orbital angular momentum, because the effective 
potential does not behave as 1/r. In the case of sodium, for example, the ground state is 
a 3s level, and the 3p level lies between the 3s and 4s levels (Fig. 10.7). 

The spectra of Figs. 10.6 and 10.7 were obtained neglecting the spin of the outer 
electron as well as the nuclear spin. We are going to study the modifications introduced 
when these spins are taken into account, namely the fine structure due to the interaction 
between the electron orbital angular momentum and spin (Section 14.2.2), the Zeeman 
effect in the presence of an external magnetic field (Section 14.2.3), and the hyperfine 
structure due to the interaction between the nuclear spin and the electron spin and orbital 
angular momentum (Section 14.2.4). 


14.2.2 The fine structure 


The fine structure is an effect of relativistic origin whose correct study is based on a 
relativistic quantum wave equation which is valid for spin-1/2 particles, namely, the 
Dirac equation.* Within the framework of a classical description we are going to make 
an intuitive argument, which is not entirely correct, to justify the expression for the fine- 
structure Hamiltonian. In the reference frame where the nucleus is at rest, or the nucleus 
frame, the electromagnetic field is the gradient of the electrostatic potential V(r)/q. 
produced by the nucleus and the (Z — 1) inner-shell electrons, and the external electron 
moves with velocity v in this reference frame. In its rest frame, the electron sees the 
nucleus moving with velocity —v and an electromagnetic field which is the transform of 
the field in the nucleus frame. This transformed field consists of not only an electric field, 
but also a magnetic field given as a function of the electrostatic field E in the nucleus 


frame as> 
“ Lo fs 1 ldVv Dp “s 
B~-GixE~—5|- oO] (2 x?). (14.17) 


Ger 2 adr m 


This magnetic field interacts with the magnetic moment f = ys of the outer electron, 
leading to an interaction energy 


e 


W,, = —p- BY —23-B, (14.18) 


because the gyromagnetic ratio y ~ g./m.,. Combining these two equations and introduc- 
ing the orbital angular momentum / =F x p, we derive the spin—orbit potential: 


l F aa 73. (14.19) 


mac? |r dr 


so 


Our argument can be criticized because we have used the formulas for transformations 
between inertial reference frames, while the electron reference frame is accelerated with 


4 The Dirac equation is not the only relativistic quantum wave equation. Another important one is the Klein—Gordon equation, 
which describes particles of spin 0. However, neither of these equations is completely consistent, as the real unification of 
quantum mechanics and relativity requires quantized field theory. 

> In (14.17) we have used the approximation v < c; the exact expression contains factors of (1 —v?/c?)~!/. 


462 Atomic physics 


respect to the nuclear frame because the electron rotates about the nucleus. This rotational 
motion leads to the phenomenon of spin precession, called Thomas precession,° which 
reduces the result (14.19) by a factor of two. In the end, the correct quantum expression 
for the spin-orbit potential is obtained by correcting (14. 19) by a factor of 1/2 and 
replacing the classical quantities Zand § by the operators L and S: 


(14.20) 


°°" 2mec2 Lr dr 


Let us evaluate the order of magnitude of the correction to the energy levels for the 
hydrogen atom. Since L and S are of order h and V(r) = —e?/r, in a state n we obtain 


- rep l he? e e\> 1 aR, 
(Woo) ~ Saal - 2m2enaa (=) (=) Bn 7B’ 
where we have introduced the Bohr radius dg, the fine-structure constant a, and the 
Rydberg constant R,, (see (1.39)-(1.41)). The corrections to the energy levels are therefore 
of order a? in relative value, which is what we expect for relativistic corrections, because 
(v/c)? ~a?.7 

Let us examine the effect of the potential (14.20) on a level (n/) with principal quantum 
number n and orbital angular momentum /. Since the effect on the levels is small, 
~a’, we can use perturbation theory. Neither the orbital angular momentum L nor the 
spin S commutes with W,,. However, the scalar operator L-S commutes with the total 
angular momentum J = L +S and moreover, since [L?, L] =0 and [L?, f(r)] =0, the 
potential (14.20) commutes with L?, which implies that levels with different / are not 
related. In summary, the spin-orbit potential is diagonal in the basis |/ 1/2 jm;). In the 
absence of the spin—orbit potential, the degeneracy of a level (n/) is 2(2/+ 1) and it is 
necessary in principle to use degenerate perturbation theory. However, in the present case 
the situation is very simple, because we already know the basis |/ 1/2 jm;) in which W,, 
is diagonal. The spin-orbit potential will partially lift the degeneracy. In fact, two values 
j =l+1/2 of the total angular momentum are possible, and according to (10.138) and 
using J? = (L+S)?, 


2 
£-3=F [+1 Wt) -s6+ 0] (14.21) 
or 
ies Gay, jets’, 
2 2 
pee 1, pares (14.22) 
2 2 


© See, for example, E. Taylor and J. Wheeler, Space-Time Physics, New York: Freeman (1963), Section 103, or Jackson [1999], 
Section 11.8. 
T For a nucleus of charge Z and a single electron, (u/c)? ~ (Za)*. 
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The states of total angular momentum j = /—1/2 and 7 =/+ 1/2 therefore have different 
energies and the spin-orbit potential partially lifts the degeneracy. Naturally, each of the 
two corresponding energy levels still has a (27+ 1)-fold degeneracy. We note that the 
spin-orbit potential does not affect s-waves (/ = 0). 

As a special case, let us consider the 2p (/ = 1) level of hydrogen. The two possible 
values of j are j = 1/2 and j = 3/2. The corresponding levels are denoted as 2p,/. and 
2P3/.. The 2p — Is transition is split, which is easily confirmed by spectroscopy. In the 
case of hydrogen, the 2s,,. and 2p,,. levels are degenerate in the approximation of the 
Dirac equation. They differ in energy from the 2p;/. level by about 4.5 x 10-° eV, which 
corresponds to a frequency difference of about 10 GHz. The order-of-magnitude calcu- 
lation we have just done gives an energy difference ~ a?R,,/8 ~ 1074 eV, in qualitative 
agreement with experiment. Experiment shows that, in contrast to the prediction of the 
Dirac equation, the 2s,,. and 2p,,. levels are in fact nondegenerate: the 2p,,. level is 
lower by about 5 x 10~° eV, which corresponds to about 1 GHz. This difference, known 
as the Lamb shift, is explained by effects of quantum electrodynamics, the theory of the 
quantized electromagnetic and electron—positron fields. 

The above notation (n/); can be generalized to higher levels: for a d-wave (/ = 2) 
the possible values of j are 3/2 and 5/2 and the levels are denoted as nd,,. and nd3/9. 
For an f-wave (/ = 3) we will have the nf;,. and nf;/. levels, and so on. A classic 
example in spectroscopy is the splitting of the yellow line of sodium, which corresponds 
to a 3p — 3s transition; the two lines are called D, at 589.6 nm and D, at 589.0 nm. In 
general, the j =/+ 1/2 level is higher than the j = /— 1/2 level because the expectation 
value (dV/dr) > 0, but there are some exceptions. In the nuclear shell model, where the 
spin-orbit potential plays a crucial role, this order is systematically inverted. 


14.2.3 The Zeeman effect 


The (27+ 1)-fold degeneracy of the (n/); level is lifted by placing the atom in a constant 
magnetic field B. This is the Zeeman effect. It arises from the interaction of the magnetic 
field with the orbital magnetic moment due to the motion of the electron in its orbit, 
and also to the magnetic moment associated with the spin of this electron. The magnetic 
moment associated with L is given by the classical gyromagnetic ratio (3.30) y = g./2m,, 
and the gyromagnetic ratio due to the spin is roughly g./m,. The interaction energy is 
derived from the coupling between the magnetic moment and the field:* 


(14.23) 


8 However, this argument gives only the dominant term in the interaction; see Exercise 14.6.5 for a detailed justification 
of (14.23). 
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It is usual to choose B to be parallel to Oz: 
B 
We 8,7. (14.24) 
2, * * 


When the Zeeman energy (14.23) is sufficiently small compared with the characteristic 
energy of the fine structure of the level under consideration, we can use degenerate 
perturbation theory for each level (n/);. If this is not the case, it is necessary to simulta- 
neously diagonalize the Hamiltonian of the fine structure and that of the Zeeman effect; 
see Exercise 6.5.4. Let us consider the case of small Zeeman effect. The matrix elements 
of the perturbation (14.24) in the (n/); level are 


wr 


mm’ 


B 
- — = (nljim|L, +25. |nljm’). (14.25) 


The operators L and S are vector operators, and according to the Wigner—Eckart theo- 
rem (10.150) for these operators the matrix elements for, for example, L, are given by 


1 wees 
(nljm|L,\nljm') = BigGeh lIY DIL ntim J,|nljm’) 
m 3) 3 
= —— ((J-L)) ae 
hj(j+1) 


Using 

S=(J-L) and 1? =(J—S) 
to write out J-S and J- L, we find 

> a > 34 1 bad 1 > 

PAE +28)) Ss —F p= So = 1 
and then 


3 


mh 
2jG+1) 


= mn} [i++ 5-10+0]| Orage 


1 
+ =F 
2i(j+1) 


The final result can be written as 


(14.26) 


Within our approximation the shifts of the Zeeman sublevels are linear in B. They are 
controlled by the Landé g factor: 


i +1) +3 10+) | (14.27) 


1 
= ed) 
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The quantity gq,/2m, can be interpreted physically as an effective gyromagnetic ratio. 
For a free electron in a magnetic field we have seen that the Landé g factor is 2. This is 
also the case for an s-wave, as can be verified by setting / = 0 in (14.27). 


14.2.4 The hyperfine structure 


An even smaller effect, of order 10~° in relative value, arises from the interaction between 
the nuclear magnetic moment and the orbital and spin magnetic moments of the outer 
electron. The interaction between a nuclear magnetic dipole moment y,, and an electron 
magnetic dipole is a priori weaker than that between two electric dipoles by a factor 
~1073, as the nuclear Bohr magneton phy = g,h/2m, is smaller than the Bohr magneton 
Mp = |G.|h/2m, by a factor of m,/m, ~ 2000. We recall the expressions for the electron 
and proton magnetic moment operators: 


= > 


> 


> S. 5 S 
Me = VeSe = —2pa => i= 75° 5.59}. (14.28) 


In classical electrodynamics it can be shown? that the magnetic field B(7) of a point 
dipole 1, at the origin is 


BG) =— 2% [fin —3Gin- PF] + Ho ,3 (14.29) 
The energy of the orbital magnetic moment and the spin of the outer electron in this 
magnetic field can be written as in (14.23). We shall limit ourselves to the case of an 
s-wave electron, where only the spin magnetic moment needs to be taken into account, 
as in the s-wave there is no contribution from the orbital angular momentum to the 
atomic magnetic moment. Moreover, the term inside the square brackets in (14.29) gives 
a vanishing contribution. Actually, if we use perturbation theory to calculate the magnetic 
energy (W’) = —(ji,-B) corresponding to the interaction of the electron magnetic moment 
with the term inside the square brackets in (14.29) for an s-wave, where the wave function 
g(r) depends only on r, we find 


W’) = 2 f rie? SL Gant) ~3lin PMP) 


3 
mA }|@ ji } 

= 2 My * Me) —2 > Poitesly | 
4a \r3 = woe 


To obtain the second line of the above equation we separated the radial part of the integral 
of the second term in the square brackets from the angular part by writing 


[@r=4n [0 Par 


° See, for example, Jackson [1999], Section 5.6. 
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The radial integral gives 
a 1 1 
[ Parle@rs =(5}) 
i pe o 


sats 1 

an ° 5 3 

To prove this, we observe that the only rotationally invariant rank-2 tensor that can be 
constructed using the indices (i, j) is 6;;: 


I,, =c6,, and 2b ili =, 


The angular integral /;; is 


ene 


which shows that c = 1/3. Thus, the term between square brackets in (14.29) gives a 
vanishing contribution and we are left with just the contact term: 
2 Mo - 


Wi ott = ~ 73 Mn’ -,6(7) 


2 a eee 
= Pwr, -5.)8@). (14.30) 
As an example, let us take the hyperfine structure of the ground state of the hydrogen 
atom: @, > M,, 2 = 1, 1/=0. The state vector is the tensor product of a spatial wave 
function derived from (10.94) 


g(r) = =00(-7) (14.31) 


and a spin wave function, which itself is the tensor product of the state vectors in 
the electron and proton spin spaces. The spatial part and the spin part are completely 
decoupled. First we find the expectation value of the spatial part: 


2p > 5 
(Woes) apne =s — = Wn VelPCO)I? Sp“ Se) 


Bie » 5 
= 56S, -S). (14.32) 


The constant A is 


is 


A= —2(2us)(5. 50) ~ 5.87 x 1076 eV. 
Ta? 


0 


Then the effective Hamiltonian is A(S, : S.) /h?, which acts in the four-dimensional Hilbert 
space that is the tensor product of the two spin spaces. In the absence of the hyperfine 
perturbation, the 1s,/. ground state of the hydrogen atom is four-fold degenerate. It is 


necessary to diagonalize A(S, . 5) /h? in this subspace, which is straightforward if we 
introduce the total spin S= S. + x and the identity 


es 1 fe G2 ao) _ 3 
g,-3,=5 (8 — 32-82) == s(s+1)—5]. (14.33) 
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According to the results of Section 10.6.1, the two possible values of s are s = | (the triplet 
state) and s = 0 (the singlet state). The eigenvalues of the Hamiltonian are 


| 
s=1, triplet state: E,= 2, + ao 


s=0, singlet state: Ey... = Ey — 7A, 

where E, is the energy in the absence of the hyperfine effect, and the eigenvec- 
tors are given by (10.125) and (10.126). The two levels are separated by an amount 
A ~ 5.87 x 10-° eV, which corresponds to the emission of a photon of wavelength 21 cm 
when the atom makes a transition from the triplet to the singlet level. Although the 
lifetime of the triplet level is very long, 10’ years, and a priori seems difficult to observe, 
it is of great importance in astrophysics. It has given fundamental information about the 
interstellar clouds of atomic hydrogen making up 10% to 50% of the mass of the galaxy, 


permitting measurements of mass and velocity distributions, magnetic fields, and so on.!° 


14.3 Atomic interactions with an electromagnetic field 
14.3.1 The semiclassical theory 


In this section we shall study the interaction between an electromagnetic field and an 
atom, modeled as before by an outer electron in a spherically symmetric potential. We 
shall begin with the semi-classical approximation, already introduced in Section 5.3.2, 
where the electromagnetic field is described classically while the atom is described in a 
quantum manner. In Section 5.3 we postulated a phenomenological interaction between 
an electromagnetic wave and an electric dipole responsible for transitions from one 
level to another. In this section we shall complete these results by justifying the dipole 
approximation and giving an explicit expression for the transition amplitude. At this point 
it is useful to summarize the various possible approximations which can be used to study 
interactions between an atom (or molecule) and the electromagnetic field (see Table 14.1). 
In principle, the atom and the field should both be treated in a quantum manner, but it 
may prove convenient to use a classical approximation for one or the other when it is 
clear that such an approximation is valid. 

In the approach of Section 11.3.3, the classical electromagnetic wave is described in 
the Coulomb ) gauge V-A=0 by a transverse vector potential A(F, t). A plane wave of 
wave vector k and frequency @ can be written as 


AG, 1) =Re| Apel“ bi #9); k- Ay =0. (14.34) 


Let us recall the action of the divergence and curl operators in the Fourier space: 


> 


V->ik-, Vx > ikx, (14.35) 


'0 More details can be found in, for example, Basdevant and Dalibard [2002], Chapter 13. 
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Table 14.1 Various approximation schemes 


Electromagnetic Atom Examples 

field 

classical classical classical radiation Section 1.5.3 

classical quantum absorption and stimulated emission Section 5.3.2, 
Sections 14.3.1 to 14.3.3 

quantum classical coupling to a classical source Exercise 11.5.4 

quantum quantum spontaneous emission Section 14.3.4, Section 14.4 


which leads to the following electric and magnetic fields: 


a are OA . = oye. 2 
rd Re[iwA ge], (14.36) 
B(7, t) =VxA=Re lick % Ajeerm), (14.37) 
The energy flux is given by the Poynting vector 
S= CE x B, (14.38) 
and averaging over time using (cos?(wf)) = 1/2 we find 
-> 1 > A A 
(8) = 5800" |Ag|"k = I(w)k. (14.39) 


The intensity J(@) is related to the photon flux F as 
I(w) =hwF, 
or, denoting the photon density by n, 
1 = 
F=nc= 57 coc Aol (14.40) 


According to (11.115), the Hamiltonian describing the interaction between the electron 
and the field is 


a re ee 
a [Pa A(R, | +V(R), (14.41) 
2m 


where V(R) represents the effective interaction of the outer electron with the nucleus 
and the (Z—1) inner-shell electrons. The Hamiltonian (14.41) can be split into the 
unperturbed part H) 
bs 2 
H)= rae + V(R) (14.42) 


and a perturbation 


Bae (14.43) 
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To first order in q.A we can neglect the second term of (14.43), or the diamagnetic 
term (q?/2m,)A* (Exercise 14.5.5). Moreover, the first term is simplified in the Coulomb 
gauge V- A = 0 because 


P-[Af(*)] = —ih(V- A) f(7) —ihA- Vf) 
~inA-V f(7) = (A-P)f(?). 
The perturbation W(R, f) is finally written as 

WR, t) = le 
m 


e 


[A(R, 1) -P]. (14.44) 


We shall work in a representation in which Ris diagonal, R>7. Using (14.34), we have 


Wop S— Ee of) A. P+e ik OY Aes? |. (14.45) 
2m, 

Now we can use the results of Section 9.6.3: the term involving exp(—iwr) in (14.45) 
corresponds to energy absorption by the atom and the term involving exp(iwf) corresponds 
to energy emission. If there exist two energy levels E; and E, with E; < E; corresponding 
to aresonance E, — E; = hwy = ha, the atom will absorb energy hwy ina pansion i f, 
and emit energy Aw, in a transition f — i. In a particle interpretation this would of course 
mean that the atom absorbs or emits a photon of energy wy, but such an interpretation falls 
outside the framework of the semi-classical theory. According to (9.170), the probability 
per unit time of absorption i > f is given by 


27 [ q 
| eae 
a hh (<# 


2 
-) \(flexp(ik-7) Ay: Pli)| 5(E, —(E; + he)). (14.46) 


14.3.2 The dipole approximation 


Let us introduce a polarization unit vector é,, é*-é, = 1, writing Ao = |Ao|é,. The intensity 
J(@) per unit frequency is given by oe 


J(w) ==> 5 e9co"lAy(o)l? 


We rewrite (14.46) by integrating over w and separating the squared modulus of the 
transition matrix element from the characteristics of the incident wave: 


2 2 
Ty = eli ies 
h \2m, 

47’a 


= —— J 
Tate 102) (2 


* 8(E;— (E+ fio)) 


é, -(f |exp(ik - 7) Pli ae (14.47) 


The transition matrix element in (14.47) can be simplified by using the fact that the 
wavelength of the emitted or absorbed radiation, 0.1m <A < 1pm, is very large 
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compared with the atomic dimensions dy ~ 0.1 nm, which makes it possible to replace 
exp(ik-r) by unity because (k-7) ~ kay ~ d)/A <1: 


(fle® Pli) = [ dre; Ge? (-in¥) @(7) 
~ i dr g* (7) (—in¥) o,(P). 


Moreover, P can be written as the commutator between R and A: 


2 a 
[R, Hy] = — P, 


mM, 


which gives 
=e m, > >. 
(f|Pli) = th (f|RH — HR\i) 
m, >, , =n 
= TS (E,—E,)(FIRIi) =im.oy(fIRIi) (14.48) 


In classical plystes r is the vector joining the nucleus located at the origin to the outer 
electron and q,r is the electric dipole moment d of the atom. The quantity (f F\qeR\i i) is 
therefore the matrix element Di , of the electric dipole moment operator D= g.R between 
the states |i) and |f): 


Dy, = (f|Dli) = ae(f|RIi). (14.49) 


Substituting these results into (14.47), we obtain the transition probability per unit time 
for polarization é,: 


2 e aes Fal’) 
= tee Rl’ I(w), (14.51) 


in agreement with (5.66). The dipole moment d introduced phenomenologically in 
Section 5.3.2 takes the following explicit form for a one-electron atom: 


> (6-Day) =@lé,-Ral 


The expression (14.50) is more general than (14.51), and is valid for any atomic or 
molecular system when the selection rules for electric dipole transitions are satisfied: 
the transition probability is governed by the transition matrix element of the electric 
dipole moment of the system, which involves all the charged particles. By an identical 
calculation we find the rate of stimulated emission Te which is also given by (14.50): 
l;, =1;. Actually, to go from absorption to emission it is sufficient to replace D,; by 
Dj; = D;,. Following the argument based on the Einstein relations of Section 5.4, from 
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I’;, we can deduce the probability for spontaneous emission of a photon by summing over 
the two possible polarization states s = 1,2 and taking the average (e) over angles and 


spins: 
» 2 2 
py — 400 ( 22a (l@s Pal) SLs 
eg 4meyhc Ce 


The electric dipole moment operator D, like the position operator R, is a vector operator 
which is odd under a parity operation, that is, a polar vector. This property of D implies 
certain selection rules for electric dipole transitions. The Wigner—Eckart theorem for 
vector operators gives the matrix elements of the spherical components (10.145) D, of 


,-R,l’}. (14.52) 


D: if j; and j, are the angular momenta of the initial state i and the final state f, and m; 
and m, are the magnetic quantum numbers, then from (10.149) we obtain 


(jpm,|D, [jm;) = Cy sippy (i IDI li:)- (14.53) 


The Clebsch—Gordan coefficient can be nonzero only if |j;—1| <j, < j, +1 and m; = 
q+m;. Moreover, the parities of the initial and final states must be opposite: H;I1;=—1. 
Therefore, electric dipole transitions obey the following selection rules. 


Selection rules for electric dipole transitions 


li-U sip Sijt1, mp=m,+¢,q=-1,0,41, Tl, =-1. 


These rules generalize the results obtained in Section 10.5.2 in the special case j; = 1 
and j, =0. The selection rules for the magnetic quantum number m are directly related 
to the conservation of the z component of the angular momentum, and some examples 
have already been given in Section 10.5.2 and Exercise 10.7.13. 


14.3.3 The photoelectric effect 


In the preceding subsection we studied a transition between two levels by generalizing 
the results of Section 5.3. Now let us consider a transition to the continuum. An electro- 
magnetic wave of frequency w > R,,/h and polarization é, arrives at a hydrogen atom 
in its ground state. In particle language the condition w > R,,/h implies that the photon 
energy is sufficient for ionizing the atom by ejecting its electron, which provides a very 
simple example of the photoelectric effect and is a case which can be completely solved 
analytically. According to the Fermi Golden Rule and the definition (12.1) of the cross 
section, to first order in perturbation theory in W the cross section for photoelectron 
production is 

do 

dQ 


2 Vm,k, 
a@ KW |i) | Ome (14.54) 


where k. is the wave vector of the final electron and the last factor is the electron density 
of states (9.151) in a volume V. When hw > R,, (but hw < m,c? in order to preserve 
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the nonrelativistic kinematics and prevent electron—positron pair production!!), we can 
neglect the interaction of the final electron with the proton and take a plane wave for the 
final state, thus obtaining the Born approximation: 


2 = 1 ik? 
FIN =9/,@) =e". 


We note that the dipole approximation is not valid under the kinematic conditions defined 
above. The initial state is described by the wave function (14.31) of the ground state of 
the hydrogen atom. The matrix element (f|W|i) is given by (14.46): 


. Je A\l2 1 i(k—k,)-7 ay > 
(FIWli) = (—s) laaléy- f are (—ino,@)) 


or, integrating by parts and using the fact that @, k= 0, 


crlwii) = (- fe) (ay) MD f are otis 
h(é,-k.) 81 /ay 
= (-) a ese lee 


where we have defined g = Es kes so that hq is the momentum transfer between the 
initial photon and the final electron. To calculate the integral in (14.55) we have used the 
formula 


(14.55) 


oe) +1 oT fore) 
3 Os = = = C . _— # 
far ete =I] r’dre iat | e'1 59d cos 6 = — f rdr singre~”’ 
_# q 0 


277 ee igre -Ar 4a 1 Es 877A 


= —Im rdre = m = ———_—_——_.. 
q 0 q  (A-ig? (V+¢@) 


Assembling all the factors in (14.54), we obtain 


32ah @.-k.|2k3 
Oe, re (14.56) 


dQ mwa? [(&—k.)2 + 1/a2]’ 


Let us make (14.56) explicit by choosing k to be parallel to Oz and taking linear 
polarization é, parallel to Ox. Let (. = 0, #) be the polar angles defining k,: 

(é,-k,)° = sin? 0cos’ &. 
This quantity is a maximum when é, and k are parallel, or 6 = 77/2 and ¢ =0 or 7. The 


denominator in (14.56) varies slowly with 6, because, with the kinematical conditions 
defined above, from energy conservation we have 


k fk. 


'l This approximation is valid in the case of X-rays, where the energy varies from | to 100 keV. 
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where v, is the speed of the photoelectrons and 
> > v 
(kK-k,)e ek (1 a ~: cos 6) . 
c 


Therefore, the electrons are preferentially ejected in a plane perpendicular to the incident 
wave vector and parallel to the electric field of the wave. If the incident wave is not 
polarized, the contributions of the polarizations in the x and y directions must be added 
incoherently and averaged over: 


Dar & a. i 
5 [ek + (,-k.)?| = sin’ 0 . 
This still gives preferential emission in the plane perpendicular to k: 


do) _ lah ke sin’ Nah __ sin’ (14.57) 


dQ lunpot —m, wap [(k _ k.)? “ 1/a3]” m, oa) ke [1 =58 cos o} 
c 


Under the chosen kinematical conditions we can neglect 1/aj compared to q*, because 


hk e? > m,e 
> R= 2a, => (k,ay)° > he 


It is important to note that we have managed to treat the photoelectric effect in a 
semiclassical approach without introducing the photon, contradicting the widespread 
belief that the photon concept is necessary to explain the threshold effect (Section 1.3.2). 
In the semiclassical approach the threshold effect arises from the resonance condition: the 
photoelectric effect is appreciable only if the light wave is in resonance with the ground 
state E, and a level E, of the continuum: E, — E) = hw. The photoelectric effect can be 
explained without the photon, but not without h! 


ay = 1. 


2m, 


14.3.4 The quantized electromagnetic field: spontaneous emission 


We have often had recourse to the concept of the photon in order to interpret intuitively 
the results of the semiclassical theory, whereas strictly speaking this concept is foreign 
to this theory. Unless we use an indirect argument!” like that of Section 5.4, it is not 
possible to calculate the probability of spontaneous emission by an atom in an excited 
state, because there is no pre-existing classical electromagnetic field and the interaction 
term « A-P is zero. It is necessary to resort to the concept of quantized electromagnetic 
field developed in Section 11.3.3, because the annihilation and creation operators az, and 
at are capable of changing the number of photons. More precisely, if n;, is the number of 
photons in the mode of wave vector k and polarization s, we are interested in transitions 
with the emission of a photon nz, > nz,+ 1 or the absorption of a photon nz, > nz, —1, 


'2 The argument uses the Planck distribution, which implicitly involves the concept of photon: the occupation probability of a 
mode of the electromagnetic field is given by the quantum theory of the harmonic oscillator. It is therefore not surprising 
that it is possible to calculate spontaneous emission. 
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with spontaneous emission in the mode (k, Ss) corresponding to nz, = 0. Let us recall the 
expansion of the quantized electromagnetic field (11.79) at t=0 in a volume L? = V: 


h 


2 

I 
A(?) = sy 
= Waa ee 


WO; 


(a;,6, (Ke? +a br(h) eal 


The coupling between the electromagnetic field'? and the atom is, to first order in A, 


= — 2 A.P. (14.58) 


This time-independent coupling A-P brings in the terms 

a;,e"" (6.(k)-P), (14.59) 
and 

at et (6*(k)-B). (14.60) 


The term (14.59) destroys a photon and the term (14.60) creates a photon in the mode 
(k, s). Let |i, nz,) be the initial state with i labeling the state of the atom and let | f, nz, + 1) 
be the final state. The nonzero matrix elements of az, and a. are given by (11.16) 
and (11.17): 


(nz, o Laz Inj.) =v"; + I, 
(ng, — Llaz,|ng,) = /N5,- (14.61) 


We shall examine spontaneous emission corresponding to the case nz, = 0 and return 
briefly to absorption and stimulated emission at the end of this subsection. The interesting 
physical quantity is the probability per unit time for an atom to emit a photon of wave 
vector approximately equal to k and polarization s at a solid angle dO, O = (6, @), about 
k.'* To obtain this probability we need the photon density of states: 


u k= 
(Qm7)3 — (2m)3e3 


w dw dO (14.62) 


'3 Tt is necessary to take the electromagnetic field (11.79) at t = 0, that is, in the Schrédinger picture As = Ay(t =0)= A, 
because we are using the Schrédinger picture in the perturbative calculations and the operators A and P must also be in this 
picture. In Subsections 14.1.1 to 14.1.3 the time dependence of the classical field is fixed by an external source, that which 
produces the incident electromagnetic wave, whereas the quantized field is independent of any external source. 

'4 To be rigorous, we should note that we are working in the reference frame where the initial atom is at rest. Energy 
conservation implies that 


hk? 
E,-E,=ho+ 


at 


in this reference frame. The second term is the recoil energy, which will be discussed in (14.106). In general, this recoil 
energy is negligible; everything happens as though the atom were infinitely heavy, M,, > ov. 
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with w, — w. The transition probability per unit time is given by the Fermi Golden 
Rule (9.170) with a final photon (k, s) of energy hw: 


es 277 ; V 
dIy,(k, s) = - I(f, nz, = 1|W]i, nz, = 0) |’ S[hw — (E; — E,)| ——— w* dwdQ, 


(277)>c3 
(14.63) 
with the matrix element (f, nz, = 1|W|i, nz, =0) given by (in contrast to Section 14.3.2, 
we now have E; > E, and hay = E; —E;) 


: q rae 
Cf iz, = 1] Wi, i 0) — a Ma Mig = LA: Pli, nz, = 0) 


a h ik-F (2*(P\ D\I: 
= me 2€)Vo (f, "ks I|a; ¢ ; (e (k) : P) l, Nis — 0) 
~ igeWp : (f\(é*(k) - R)|i). (14.64) 
% 2€)oV =) 


We have used the dipole approximation exp(ik -F) ~ 1 and expressed the matrix element 
of P using (14.48). 

To obtain the probability for photon emission in a solid angle dQ we must inte- 
grate (14.63) over w. The 6 function fixes the photon energy to 


which, using (14.64) and defining Ree = (f|R|i), gives 
dr; aw 


dQ 2c? 


Je*(k)-R,l (14.65) 


An equivalent expression involves the dipole moment D= geR: 


fi _ 2 
dQ, (= (=) 


To obtain the total transition probability [, which is the inverse of the lifetime 7 of 
the excited state r= 1/I’, it is necessary to integrate over (1 and sum over the two 
polarization states: 


(14.66) 


d 


1 : in 
=> | —“ao. (14.67) 
s=1 / dQ 


T=- 
= 


In order to calculate the matrix element in, for example, the form (14.65) we work in a 
representation where R is diagonal:'° 


R, = / Pr gi(7)79,(F), (14.68) 


'S To simplify the formulas we neglect spin, which can easily be shown to play no role at all. 
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and we separate the r-dependent radial part and the r-dependent angular part in the 
integral (14.68) by writing 7 = r7. To deal with a specific case, we take the example of the 
2p — 1s transition of the hydrogen atom.'® The initial wave function is written as the prod- 
uct of its radial part (10.96) and its angular part, which is the spherical harmonic Y;"(7): 


1 r 
— Lr @&x C—— 
V/4la 2d 


and the final wave function is given by (14.31). It is convenient to introduce the spherical 
components (10.64) of the vectors é,(k) and 7 noting that the scalar product é* -7 is!’ 


9; (7) = ) y"(?), (14.69) 


* 
ee | x. af) aS Citas 


On the other hand, the projector (11.80) orthogonal to k is written in spherical 
coordinates as 


2 
2 Cog (K) Oca (k) = 6 aq! _ k ky ’ 
which gives for the angular part 
* Ale 2 * ok Ax . el A 
oer (IRD = yy — kk tL 1a) Gly Lf). 
5 qq 


The matrix element (f| 77 |i) is easily calculated by noting that according to (10.64) 7, 
is proportional to the spherical harmonic Y;(7). If the magnetic quantum number of the 
initial state is m, then 


4 reaps <4 
(fF li, m= [PF OT YO) = JF Sam 


where we have used the orthogonality relations (10.55) of the spherical harmonics. This 
then gives 


pope, jitiatnle ea 
e@®-(el#ly] = = leah. 


The factor (1 — kn |2) becomes (1 — } sin’ 0) for m = +1 and (1 —cos?@) for m=0, 
which gives the angular distribution of the emitted photon if the initial state has a 


'© In the general case of an initial state i of angular momentum (j;, m;) and a final state f of angular momentum (j ip, My), We 
can use the Wigner—Eckart theorem to express the matrix element of the spherical components D, of D in the form (14.53). 
'7 The scalar product of two vectors @ and b is given as a function of their spherical coordinates by 


a-b= >> i YS (-1)4 a_gby. 
g=+1,0 q=+,0 
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well-defined value of m. If the initial state is unpolarized, the angular distribution is of 
course isotropic because there is no preferred direction: 


fs oe 
3 [2 (1-5 sin 8) +(1—cos 0) =5. 


To obtain the total transition probability (14.67) we integrate over ©, the result being 
the same for the three cases m = +1, 0: 


Lo > 87 
[ao (1-5 sin 9) = [ an(1 cos ==. 


The angular part gives an overall factor of 3277/9. According to (14.31) and (14.69), 
the radial part of the matrix element is 


I 7, 3r 4! (2\° 
2 d —_—— — —_ - - 
(rl) = ae fr rexp(-=~)=/= (5) a 


The combination of all these results gives the transition probability [(2p — 1s): 


4! /4\° ,| [327° 
—{- , 14.70 
2G) <|[F7]}- 
and using 
okey eRe F ee 
“AR 8 BO ee cena 


we can write the result in the final form, recalling (cf. Section 1.5.3) that h/m,c? = 
1.29 x 10-7! s: 


aN LAN? 1 

Tp > 1s) =a? (“= ) (5) ~6.2x10'S', THE ~16x10s, (14.71) 
Let us return to the qualitative aspects of these results. Starting from (14.52) or (14.65) 
with |é*-R;| ~~ a, where a is the typical atomic scale (a ~ 10~'° m), we obtain the estimate 


3 2 
aw dW, \2 mC 

r~ 2a? =a (=) Wy) ~ Bw, ~ a? (| — }. 
Cc e h 


In fact, the speed v of the electron in its orbit is v ~ ac.'® The characteristic frequency 
Wy is given by hay ~ 1 eV or wy) ~ 1.5 x 10'° rads™', and the lifetime 7 of the excited 
state is estimated to be 


1 
T=—~2x10°’s. 
T 


The lifetimes of excited states that de-excite by an electric dipole transition essentially 
lie between ~10~’ s and ~10~° s. It is instructive also to study the case of an excited 


'8 The factors that are assumed to be “near unity” in this type of estimate are not always so; the above estimate differs from 
the exact value (14.71) by a factor of (8/3)(4/9)* ~ 1/10. 
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level of a nucleus which decays by emitting a photon y. The typical energy of such a 
photon is ~ 1 MeV, which corresponds to a wavelength A ~ 10~!* m. Since the nuclear 
dimensions are of the order of a fermi (or femtometer), R ~ 10-'> m, the use of R/A < 1 
and the electric dipole approximation is a priori justified. To estimate the lifetime, the 
result from atomic physics must be multiplied by a factor of 10~'® to take into account 
the change of energy scale 1 eV— 1 MeV, and by a factor of 10!° to take into account the 
change of dimension, a > R, making a factor of 10~* altogether. The estimated lifetime 
of a nuclear excited state is then 


Tq ~ 10% 7... ~10-% s. 


nucl atom 


An example is the decay of an excited state of an isotope of nitrogen, '°N: 
3y* — BN+-y (2.38 MeV), 


where the lifetime is 10~'> s, in qualitative agreement with our estimate. 

Let us conclude this discussion by returning briefly to emission and stimulated absorp- 
tion. If we take into account the factors (14.61)-(14.62) for absorption and stimulated 
emission, the absorption probability (14.50) is not modified. On the other hand, if the 
atom is located in a cavity of volume V containing N;, photons in the mode (k, s), 
the semiclassical emission probability is proportional to the photon density nz, = N;,/V, 
while the use of the quantized field gives a factor of (N;,+1)/V. The correction is in 
general negligible, except in the case of superconducting microwave cavities where the 
number of photons is small (Appendix B). 


14.4 Laser cooling and trapping of atoms 
14.4.1 The optical Bloch equations 


It has long been known that light exerts forces on matter, the best-known example being 
radiation pressure. However, when the light comes from conventional sources these forces 
are very weak. It is only in the last twenty years that the use of lasers has made it possible 
to exert sizable forces on atoms, forces which can be up to 10° times their weight. 
A particularly interesting application is laser cooling, and we shall give an elementary 
example of it in Section 14.4.3. We shall use the model of the two-level atom: two atomic 
levels E,, and E,, (E,, > E,,) are separated by E,, — E,, = hwy. We assume E,, is the ground 
state of the atom, or at least a metastable state of lifetime long enough not to be involved 
in the discussion. The atom is placed in an electromagnetic wave produced by a laser 
whose wave vector k is parallel to Oz and whose frequency @ is close to resonance: 
@ X Wy. As in Section 5.2.2, we call the difference 6 = w —w, the detuning. The electric 
field at the position of the atom is of the form 


E =2,E, cos at. (14.72) 
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For the time being we ignore the translational degrees of freedom of the atom, assuming 
it to be infinitely heavy.'? Under these conditions, the Hamiltonian H is given by (5.52) 
written as 


h 
—=-W —dE, cos wt 
H= 2 . (14.73) 


The rows and columns are ordered as (a,b), the zero of the energy in the absence of 
the field has been chosen to lie midway between E,, and E,, and d is the matrix element 
(D -€,)qp Of the @, component of the electric dipole moment operator between the two 
levels. As in Section 5.3.2, we introduce the Rabi frequency @,: 


dE, 
— 
The minus sign takes into account the negative charge of the electron, so that w, > 0. 


With this definition we can rewrite H as a function of the Pauli matrices a, and o;: 


1 
—~W) ,cosat 1 
A= 2 1 = 7 M9 + (@, cos wt)a;. (14.75) 
@, COS wt 5 o 


(14.74) 


oO, = 


In general, the quantum state of the atom will be described by a state operator p. In fact, 
the atom is in continuous interaction with the quantized electromagnetic field, and even if 
the field + atom ensemble were in a pure state, the state of the atom would not be pure, 
because the atom is not a closed quantum system. As we have seen in Section 6.2.3, its 
state is described by taking the partial trace over the field variables, and the result is not 
a vector of the atom space of states, but a state operator, the reduced state operator of the 
atom represented by a 2 x 2 matrix acting in the two-dimensional space of the two-level 
atom. We recall that the state matrix must be Hermitian p = p’, it must have unit trace 
Trp = 1, and it must be positive. The results of Section 6.2.2 allow us to write the most 
general state matrix as a function of a real vector b, the Bloch vector (6.24), such that 
Pat: 


1 a 1 oy 
p=5 (I+ bos, =5(1+6-8). (14.76) 
i=l 
Conforming to the usual notation, we use (u,v, —w) to denote the components of the 
Bloch vector: u = b,, v= b,, and w = —b,. We can also write p in the explicit matrix 
form 
i 1 : 
5 = 5 Pig = Pad) Pap 1/{ l-—w u-iv 
2 2 aa a 
p= to = 5 ; (14.77) 
Poa a + 5 (Pip — Pia) u+iv 1+w 


') More precisely, the translational degrees of freedom are treated classically, assuming that hI >> Eg, where T is the linewidth 
and Ep is the recoil energy (14.106). We also assume that the medium is dilute enough that collisions between atoms can 
be neglected. 
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In this expression for p we have taken into account the condition p,, +P), = 1. The 
quantity w = p,, — P,, Measures the population difference between the levels FE, and 
E.,: if we have a collection of NV atoms, on average Np,,, will be in the state FE, and 
Np», in the state E,,. The off-diagonal matrix elements p,, = pj, are the coherences. 
The presence of nonzero coherences, that is, phase-dependent effects, is a sure signal of 
quantum effects. 
If we first ignore the quantized electromagnetic field, the evolution equation for p is 
given by (6.37): 
. 1 
ip= E H, P|. (14.78) 
The commutator can be calculated directly by multiplying the matrices, but it is more 


elegant to use the Bloch form and the commutation relations (3.52) of the Pauli matrices. 
We find 


u = WD, 
V = —@)u+2@,wCos wt, (14.79) 
w = —2@,vC0S8 wt. 


To complete these equations and justify an approximation which will be made below, it 
is convenient to rewrite them as a function of the coherence r = p,,, = (u—iv)/2: 


w = —2iw,(r—r*) cos at, (14.80) 
r = 1@pr —1@,wcos at. (14.81) 


These equations for the evolution of the state matrix are Hamiltonian, that is, they are 
governed by a law of the type (14.78) depending on a Hamiltonian. This evolution is 
unitary, because (14.78) is equivalent to 


p(t) = U(t, 0)p(t = 0)U'(t, 0), 


where U(t) is the unitary evolution operator (4.14). Actually, though, these equations are 
incomplete. The interaction of the atom with its environment leads to equations that are not 
of the form (14.78), and so to an evolution which is non-Hamiltonian. It is the ensemble 
atom + environment that obeys a unitary evolution, and if we are interested only in the 
atomic degrees of freedom, the evolution is no longer Hamiltonian. This phenomenon is 
familiar in statistical mechanics, where we consider the interaction of a system with a 
heat bath, and nonunitary evolution is closely related to dissipation.?” We are going to 
consider the case of an atomic environment limited to a quantized electromagnetic field, 
which is an excellent approximation for atoms trapped by lasers, which form a dilute 
medium. However, there could also be other sources of non-Hamiltonian evolution, such 


20 See, for example, Le Bellac et al. [2004], Chapter 2. 
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as collisions with other atoms in a dense medium.”! The calculation based on (14.78) takes 
into account the interaction with the laser field and therefore absorption and stimulated 
emission, but it does not include the interaction with the quantized field and so spontaneous 
emission is neglected. Owing to spontaneous emission, an atom in the level E,, tends to 
return to the level E,, by emitting a photon with probability per unit time T° (cf. (14.67)). 
The differential equation giving p,,, must therefore include a term —Ip,,, on the right-hand 
side, which in the absence of a laser field leads to exponentially decreasing population 
of the level E,,, exp(—It). One then deduces that the right-hand side of the differential 
equation for w contains a term —I(w-+ 1). The coherences must also decrease because, in 
the absence of a laser field, the atom returns to its ground state E,, for t>> 7 = 1/T, and the 
only nonzero element of the density matrix is p,,, = 1. It will be shown in Section 15.2.4 
that in our approximation of a diluted medium the decay rate for coherences is [/2. 
Therefore, equations (14.80) and (14.81) become 


w = —2iw,(r—r*)coswt—T(w+ 1), (14.82) 
r = i@pr —i@,wcos wt — 5h (14.83) 


Let us transform these equations using the rotating wave approximation of Section 5.3.2. 
We note that if w, < wo, (14.83) implies that r ~ exp(iw@pt) whereas w varies slowly. 
Writing coswft as a sum of complex exponentials and neglecting the rapidly varying 
terms « exp(+i(w+,)f) in the rotating wave approximation, Equations (14.82)—(14.83) 
become 


w = —iw, (ec r—e™ r*) —(w+1), (14.84) 
° . i iwt —iwt r 
i =iwor— 5 ow(e +e jaar (14.85) 


All the terms on the right-hand side of (14.84) vary slowly. To display the time evolution 
of the terms on the right-hand side of (14.85) we set 


el prar, et ior +7, 
which, multiplying (14.85) by exp(—iwr), gives 


, 


i r 
i! = i(wy —@)r' — 5 @,w(I+e%™) — 57 


The rotating wave approximation consists of neglecting the rapidly varying term « 
exp(—2iwf) in this expression. We then end up with the system of differential equations 


w = —iw,(r’ —r*)-T(w+1), (14.86) 
Sct ,_ i r , 
r =i(@)—@)r 7 ow sr. (14.87) 


21 An example is the active medium for a laser, which is described by optical Bloch equations analogous to (14.82)-(14.83), but 
with two unrelated relaxation rates for populations and coherences; see, for example, Mandel and Wolf [1995], Chapter 18. 
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14.4.2 Dissipative forces and reactive forces 


When the atom interacts with the laser field during a time interval ¢ > 7, a stationary 
regime w = r = 0 is reached where it is easy to write down the solution of the system of 
differential equations (14.86)—-(14.87). Passing through the intermediate stage 


10 W,,/2 
r= ———————_. , 
*  i(@) — @) —T/2 


/ 


we obtain for the stationary value w,, of w 


—w,))* +I?/4 
tigi (14.88) 
(@—w)? +T?7/4+ 05/2 
We then find p,, = (1 +w,)/2 < 1/2: there cannot be a population inversion, that is, a 
situation where the excited level is more populated than the ground state. The stationary 
result for r’ is 


ia, T'/2 —i(@ — a) 
yo ’ 
* 2) (w@—@))? +T?/44+ 7/2 


(14.89) 


It is convenient to introduce the saturation parameter s proportional to the intensity J of 
the laser (we recall that the detuning 6 = w — wy): 
ow; /2 


 — &+12/4 (o4 See (14.90) 


so that we can write 


1 Ss i Ss r 
= (apo =——, gs —id). 14.91 
Pop,st 5 | + Wy) 2(1 +s) Pst oO, (=) (5 1 ) ( ) 


These results allow us to obtain the forces exerted by the laser light on an atom in the 
stationary regime. The equivalent of the radiation pressure on the atom can be found by 
a simple argument. Since in the stationary regime the probability of finding an atom in 
the excited state E, is p,, ,, the average number of photons spontaneously emitted per 
unit time is 


Ts 


( 
21+s° 


— 14.92 
a (14.92) 


=T pps = 
These photons are emitted isotropically and contribute to the disordered motion of the 
atom, which we shall study in the following subsection. However, once the atom has 
returned to its ground state it absorbs a photon of the laser field, and the momenta of 
these photons hk are all in the same direction. The number of photons absorbed is the 
same as the number of photons spontaneously emitted, and the atom is subject to a force 
due to photon absorption which is equal to the change of momentum per unit time: 


<¢ 219 
oi/ (14.93) 


2 &+12/4+4 w2/2 
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When the saturation parameter s >> 1, the acceleration a approaches its maximum value 


4 Ak T 
Qmax = = (14.94) 
M 2 
where M is the mass of the atom. In the case of the D, line of sodium, T-'=1.6x 107% 5 


and d,,,, ~ 10°ms~*, which is about 10° times the gravitational acceleration. 

Now let us rederive the result (14.93) for the dissipative force by examining the force 
exerted by the electromagnetic field (14.72) on an atomic dipole. The form of the dipole 
operator in the two-dimensional space of the two-level atom is D = do, and according 
to (6.21) its expectation value is 


(D) = dTr (po) = A(Pay + pir) 
= d(r+r*)=d(re™ +r°e"™) 
2d r 
— 8 | _= sinwt + 8cos wt ; (14.95) 
w,(1 +s) 2 
where we have used the expression (14.91) for r’ in the stationary regime. This expectation 
value of the dipole operator contains a term « cos wf in phase with the field (14.72) and 
a term out of phase by 7/2 « sinwt. The work dW/d?t done on the dipole per unit time 
by the field (14.72), that is, the power supplied to the atom,” is 


dw (D) 
— = E, cos wt —— 
dt 
Using (14.95) immediately gives d(D)/dt and we find 
dw 2dswk, [T 
Re SOO | = cos? wt + Ssin wt cos wt | . (14.96) 
dt w,(1+s) 2 
Taking the time average, we obtain 
dw 2dswEy T hos T 
(—\= chee puss Racca (14.97) 
dt wm (1l+s)4 1+s2 


The number of photons absorbed per second is 


(<) - 1 (SY) _ © KY 
dt! fw\dt! 2\1+4+s/)’ 


in agreement with (14.92). Elementary study of the forced harmonic oscillator shows that 
it is the component involving the displacement out of phase by 7/2 with the external 
force which is responsible for the frictional dissipation, which gives rise to the expression 
“dissipative force” for the radiation pressure. The part in phase with the field is called 


2 Tt is useful to recall the elementary forced harmonic oscillator in one dimension: 
¥+ yi + wx = f cos ot. 


The power supplied to the oscillator is f cos wtdx/dt. The correspondence with the present problem is given by f > Ep 
and x > (D). 
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the “reactive” part. The model we have studied does not contain any spatial dependence, 
and so the average value of the term of (D) in phase with the field does not produce any 
work. In order to obtain a nonzero result, a spatial dependence must be introduced. It can 
then be shown (Exercise 14.6.7) that the reactive component of the force depends on the 
gradient of the Rabi frequency: 


7 __f8 Vw2(7)/2 
react — es &+12/44 07/2 


The reactive force is zero in a plane wave, where the Rabi frequency w, is independent 
of 7. It does not transmit any energy to the atoms. If, for example, the spatial variation 
of the Rabi frequency is due to the use of several laser waves, the effect of the reactive 
force is to redistribute the energy among the various waves. In contrast to the dissipative 
force, the reactive force is not saturated when s — oo. 

The reactive force is derived from a potential 


(14.98) 


Fi c hé 27) /2 
| See = —VU(r), U(r) os 2 In (1 + eae | F 


6?+1?/4 

For 6 < 0, a region in which w7(7) is a maximum appears as an attractive potential well for 
the atom. In a nonuniform laser field the atom is attracted toward the regions of stronger 
intensity. This has allowed the development of numerous practical applications where 
microscopic objects are manipulated. An example is the creation of “optical tweezers” 
for manipulating segments of DNA. 


14.4.3 Doppler cooling 


An important application of the dissipative force (14.93) is the Doppler cooling of 
atoms. The atoms are modeled as above by a system of two levels separated by hap. 
They are localized in laser beams coming from opposite directions and having identical 
frequencies w close to the resonance frequency @,, but with w < Wp, that is, with a 
detuning 6 = w —, <0. In order to simplify the discussion we limit ourselves to cooling 
along an axis which we shall choose to be the z axis, and use two laser beams with 
wave vectors k || Z and af || —z (Fig. 14.1). Cooling in three spatial dimensions requires 
the use of six lasers, two on each axis, with opposite wave vectors. We shall take the 
case of saturation parameter s < 1, which will permit us to neglect the term @; in the 
denominator of (14.93). 


k Pn Se 
laser beam (+) atoms laser beam (—) 


Fig. 14.1. The principle of Doppler cooling. 
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Fig. 14.2. The fluorescence cycle. 


An atom in the field of the lasers undergoes fluorescence cycles. A fluorescence cycle 
consists of the absorption of a photon from one of the two lasers by an atom in its ground 
state so that it makes a transition to its excited state. This is followed by the spontaneous 
emission of a photon, returning the atom to its ground state (Fig. 14.2). Let n,(v) be 
the number of fluorescence cycles per second that an atom of speed v (in the z direction 
since our discussion is limited to one dimension) undergoes with absorption of photons 
of wave vector +k, and let n_ (v) be the number of fluorescence cycles with absorption 
of a photon of wave vector —k. If an atom is moving toward the left (v < 0), owing to 
the Doppler effect it will see photons of frequency w—kv coming from the +k laser 
and photons of frequency w+kv coming from the —k laser. Because of the negative 
detuning (w < w,), the photons of wave vector +k are closer to resonance and are 
absorbed in greater numbers than the photons of wave vector —k which are farther from 
resonance. This will give a force pointing toward the right for these atoms. Conversely, 
for atoms moving toward the right (v > 0) the force will be toward the left. In summary, 
atoms moving toward the left will preferentially absorb photons of wave vector +k and 
atoms moving toward the right will preferentially absorb photons of wave vector —k. In 
both cases the atoms will be slowed down and a viscosity-like force will appear. This is 
the reason for the term “optical molasses.” The average force on an atom of speed v is 


(F) =hk[n,(v) —n_(v)] (14.99) 


with 
Or 


2 (14.100) 
4 (84kv)?+12/4° ' 


ny(v) = 


Let us expand (14.100) in powers of the velocity through order v: 
Tw? /4 28kv 
~ ———— |{1+————_ }. 14.101 
ne) = Sra 74 ( eon) eae) 
This equation gives the average number of fluorescence cycles per second 2n9: 


1 Tw7/4 Tr 
Ng = 5 L24(v) +n_(v)] = 8412/4 => a (14.102) 
and the force proportional to 


4dkv 


n,(v) —n_(v) =N 8412/4 , 
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which becomes 


3 - A4hdk? 
ey = hk[n,,(v) — n_(v)| = NV e404 (14.103) 
The viscosity coefficient y is defined as 
du 
eee eet 14.104 
oe ( ) 
and its value is obtained from (14.103): 
F Ahk? ) 
=, (14.105) 


Mv ° M &412/4 


which is positive because 6 < 0. Taking ny to be constant, the viscosity coefficient is a 
maximum for 6 = —I/2: 
Ahk? 819 h?k? _ 819 
Mr ° fr 2M. Ar ® 
The energy Eg = Mv; /2 is called the recoil energy: it is the recoil kinetic energy 
when the atom emits a photon of momentum hk, and it is also the energy acquired 
by an atom at rest that absorbs a photon of momentum hk. The speed vp is the recoil 
velocity. Let us give some numerical values for the D, line of rubidium. The transition 
wavelength is A = 0.78 ym, the linewidth is T = 3.7 x 10’s~', and the atomic mass is 
M = 1.41 x 10-* kg. These values correspond to energy AI = 2.4 x 10° eV, recoil 
velocity vg = hk/m =5.8 x 10-3ms7!, and recoil energy Ey, = 1.5 x 107!' eV, and 
therefore to recoil temperature Ty = Eg/kg = 1.7 x 107’ K. 

Using these typical numerical values, we find 


(14.106) 


Ymax — 


v5 K10 ng = 25% 107 Es. 


We can take the saturation parameter s < | such that 


Lo Sn ys 


Under these conditions, there are three distinct time scales in the problem (Fig. 14.3). The 
relation [~' <j! shows that the fluorescence cycles do not overlap and are independent. 
Let us consider a time interval 6t, with [~' « 6t « y~!. Let N, be the number of 
fluorescence cycles +k in this interval 5t. The condition 6t << y~! implies that the 
speed v of the atom does not have the time to vary appreciably under the action of 
the viscosity force during the interval 6¢ and so we can average over this interval, with 
(N,.) = ns(v)dt. Let p(N,, N_; dt) be the probability of observing NV, (+k) cycles and 
N_ (—k) cycles during the interval dt. Since the fluorescence cycles are independent, 
this probability obeys a Poisson law: 
(N,.)"* (N_)™ exp[—((N,) + (N_))] 


eS any a) 5 ne 
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Fig. 14.3. A sequence of fluorescence cycles. 


We use hq),..., Adv, 4n_) to designate the N, + N_ momenta of photons emitted spon- 
taneously by the atom during the interval 6¢ and AY to denote their sum: 


AY = hq, +---+hqvwy,+y_)- 


The emitted photons are not correlated with each other and (Y) = 0. The average variation 
of the momentum during the time 6f is due only to the absorbed photons: 


(p(St)) = (n,.(v) — n_(v))hkot. (14.107) 


Let us now evaluate the variance of p(6r), 


Ap?(51) = (p*(31) — (p(51))*). 


Since the spontaneous photons are not correlated with the absorbed photons, (Yk) = 0 
and the two contributions can be treated separately. The contribution to the variance from 
the absorbed photons is 


Ap?(5t)lan = F{(N, — N_)? = ((N,) = (N_))?) = 20g dt, 


where we have used the classical property of the Poisson distribution AN? = (N,) as 
well as the fact that the + and — cycles are independent: (N,N_) = (N,)(N_). The 
contribution from the emitted photons is 
N,+N_ 
Ap*(60|..=PY =P SY) ge=wk WN) = 2agh kat. 


i=] 


Since we have reduced the kinematics to one dimension, we have assumed that the emitted 
photons have momentum +hk with probabilities of 1/2.?7 Adding these two contributions, 


3 For three-dimensional kinematics and isotropic photon emission we would have (h?Y*) = h?k?/3. 
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we find** 
Ap? (8t) = 4nh7k’ dt. (14.108) 


As we shall soon show, this result corresponds to a random walk in one-dimensional 
momentum space. In a random walk on a line, the walker takes a step of length / to the 
right or to the left with probability 1/2. After N steps the walker has moved an average 
distance (x) = 0, but the average squared distance is nonzero: 


G7) = Ax* = NP, 


and if each step takes a time 7, after a time 6¢ = Nr we have 


2 
Ax? = — 61 = 2D8r. (14.109) 
This equation defines the diffusion coefficient D. The proportionality of Ap? to 6t 
in (14.108) justifies the expression “random walk in momentum space” with diffusion 
coefficient D = 2njh?k?. 

In this random walk the kinetic energy E of the atom increases by Ap*(6t)/2M. 
The diffusion therefore tends to increase the kinetic energy. By analogy with statistical 
mechanics, we define a fictitious temperature T as 


1 
E= skeT, (14.110) 


where kp is the Boltzmann constant. If E increases, T increases, and it can be said that 
the atoms are heated by the spontaneous emission, which creates a disordered motion 
analogous to thermal motion. However, the temperature is actually fictitious, because there 
is no thermodynamical equilibrium: the temperature (14.110) is perfectly well defined for 
an isolated atom. The viscosity tends to slow the atoms down, and thus to “cool” them. 
When the two effects are in equilibrium, we obtain an “equilibrium temperature” which 
is the fictitious temperature of the atoms in the stationary regime. This temperature in 
fact provides an intuitive way of measuring their average speed. According to (14.104), 
the viscosity gives the following contribution to the time variation of the energy: 
dE Led yp" 


CET, tee, pa 14.111 
dt | vise 2, Pig we M ( ) 


and adding the effect of spontaneous emission, we find 


dE 2n hk? yp’ 
dt mM M- 


4 Tn three-dimensional kinematics 


Ap? (8t) = ; noh?k? 6t. 
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The condition for the regime to be stationary dE/dt = 0 gives the equilibrium value Pe 
of p*, and choosing y = Ymax in (14.106), we have 


2 _ 2roh?K _ Varyy 
Ymax 2 


eq 


which gives for the temperature T = 7) 


(14.112) 


This temperature, which is of the order of 100 wK for the D, line of rubidium, is called 
the Doppler temperature. The equilibrium condition dE/dt = 0 can also be written as a 
function of the momentum diffusion coefficient: 


D = yp2, = Myk,T. (14.113) 


This equation relating the diffusion coefficient D and the viscosity coefficient y to 
temperature is very general” and is well known as the Einstein relation. In the case 
of Brownian motion, viscosity forces and diffusion have a common origin, namely, 
collisions of the Brownian particle with the fluid molecules, and it is not surprising that 
the diffusion and viscosity coefficients are not independent. Diffusion and viscosity are 
both dissipative processes. In our case the origin of the dissipative process is spontaneous 
emission, which we have seen corresponds to nonunitary evolution. 


14.4.4 A magneto-optical trap 


Doppler cooling is the maximum cooling that can be obtained if we limit ourselves to 
the model of the two-level atom. To go farther, and in particular to consider cooling 
mechanisms which are even more effective, allowing temperatures of microkelvins and 
lower to be obtained, it is necessary to bring into play the level substructure, both fine 
and hyperfine. Let us consider an elementary example, taking a ground state 7 = 0 and 
an excited state 7 = 1 which we split into three sublevels using the Zeeman effect. This 
will permit us to trap atoms not only in velocity, as in Doppler cooling, but also in space. 
Since a magnetic field must be used to obtain the Zeeman effect, such a trap is called a 
magneto-optical trap (MOT). We use a nonuniform, z-dependent magnetic field pointing 
in the z direction, B(z) = —bz, b > 0. According to (14.26), the Zeeman levels of the 
excited state (e) with magnetic quantum number” m, are given by 


hB h 
W,,, = —wBm, = gi m, with p= ee <0. 
. 2m 2m 
The Zeeman levels of the excited state then have energies —uwbz (m, = —1), 0 (m, = 0), 


and +ubz (m, = 1), with Oz taken as the angular momentum quantization axis. 


>5 See, for example, Le Bellac et al. [2004], Chapter 5. 
6 m, should not be confused with the electron mass m,. 


490 Atomic physics 


We again take the configuration of laser beams used above for Doppler cooling, but 
now assuming that these beams are left-hand circularly polarized. Angular momentum 
conservation along Oz (cf. (10. 106)—(10.107)) implies that m, = —1 if the atom absorbs 
a photon of wave vector +k and m, = +1 if it absorbs one of wave vector ~k; see 
Fig. 14.4. We assume that 6 < 0. For z > 0 the sign of B implies that the level m, = +1 is 
lower than the level m, = —1 and therefore closer to resonance (Fig. 14.4). This implies 
that the atom will preferentially absorb photons of wave vector —k and be pushed toward 
the left. The opposite occurs if the atom is in the region z < 0 where the level m, = —1 
is lower than the level m, = +1: the atom preferentially absorbs photons of wave vector 
+k and is pushed to the right. The action of the two beams is equivalent to the existence 
of two forces, a viscosity force —yMv and a restoring force —Kz: 


F =—yMv- kz, (14.114) 


to which we must add the diffusion in momentum space. The atoms are not only slowed 
down, but they are also confined by the recoil force in the region z ~ 0; this is the principle 
of the magneto-optical trap. In practice, we want to confine atoms in three-dimensional 
space, and so it is necessary to use six polarized laser beams (Fig. 14.5). 


Fig. 14.4. Zeeman levels for z < 0 and z > 0. 
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Fig. 14.5. Laser configuration for a magneto-optical trap. 


14.5 The two-electron atom 
14.5.1 The ground state of the helium atom 


The helium atom is a two-electron atom with a nucleus of charge 2g,, which we write 
as Zq., Z = 2, so that our theory also applies, for example, to the Li* ion with Z = 3. 
Assuming the nucleus to be infinitely heavy (an approximation better than 0.1%), in a 
representation where the position operator is diagonal the Hamiltonian H reads as 

nh Ze Ze’ e? 


Has yes aa 
m r i) 7, -7| 


(14.115) 


The vectors 7, and 7, are the positions of electrons 1 and 2. We write H = H, + W, where 
H) is the free Hamiltonian describing the electrons interacting with the nucleus, 


12 V3 = (14.116) 
m 


and W is a perturbation, whose physical origin is the electrostatic repulsion between the 
two electrons: 


e 


W (14.117) 


7, -7] 
Let us seek the lowest energy level by first neglecting W. This level is clearly a 1s? level, 
where the two electrons are in a 1s state; the superscript counts the number of electrons 
in a given state. However, electrons are fermions, and the two electrons cannot be in the 
same state. Fortunately, spin saves the situation, since the electrons can be put in a singlet 
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spin state y, (10.126), which is antisymmetric under the exchange of the two electrons. 
Our space + spin wave function then becomes 


¥ (7; > Ty)X = Pis(T1) is (72) X 


3 14.118 
= (=) e 2"1/40 e 272/40 ( ) 
0 


The corresponding ground-state energy for helium is EO = —8R,, ~ —108.8 eV, to be 
compared with the experimental result E“? = —79.0 eV. Thus EY is too low by roughly 
30%. However, we have neglected the repulsive interaction W in H, and we expect that 
this term will push our theoretical result upward. Let us be optimistic and blindly apply 
perturbation theory, although there is no obvious reason why W should be considered 
“small” compared with the other potential energy terms in H,. From (14.6) we compute 
the first-order correction to Ep: 

~2Zr, /ay g—2Zry/a9 


79 2 
E=(¥|w\v) = —— | : Pr, dr,. (14.119) 
Tay 


7-75 
To compute this six-dimensional integral, we use the following representation of 1/r:?’ 


1 40 pdk ze 


and we find 


Zee? dk = 2 
AR= me | e221 a0 Qik dr] . (14.120) 
2a a6 / k? | 


The integral in the square brackets has already been encountered in (14.55): 


‘if e 221/40 eik? r r= 167Z/d, ; (14.121) 
[k? + (2Z/ao)’? 
and plugging this result into sees gives 
_ 4Ze? 4Ze” 5 5 
Ap —f" je ep. (14.122) 
Td (1+ a Ta, 32 4 
As expected, AE is positive and 
E + AE ~ -74.8 eV, (14.123) 


which is much closer to the experimental value than we had a right to expect. 
The variational method will give an even better result. As our trial function for one 
electron we take 


23 1/2 
g(r) = (=) pe (14.124) 
7a 


0 


7 To check this formula, compute the Fourier transform of (k* + a@?)~! and take the limit a > 0. 
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where z is the variational parameter. In order to compute the expectation values, we write 
1 2 
[ere® (-;-v-=) g(r) =—2R,, , (14.125) 
2m, r 


since (14.124) is the ground-state solution of the Schrédinger equation for a one-electron 
atom in a Coulomb potential —ze’/r. Since the potential energy is twice the total energy, 
we also have 


ze 
far (-=) |p(7)|? = —2ze’R,,. (14.126) 
r 
Equations (14.125) and (14.126) allow us to compute the expectation value of Hp: 
(Ho) = —2(22Z — 2")Ry.. 


The expectation value of W has just been computed in the perturbative approach: 


(W) = eR 


oo 


Collecting all the contributions we find 


5 
E,(z) =2 (2 —2Zz+ 8 :) Re. (14.127) 


The optimal value of z is obtained from dE(z)/dz = 0, so that z = Z —5/16 and 


2 
Ey = =2 (z-=) R,,. (14.128) 
16 
In the case of helium, we find Ej“ ~ —77.5 eV, which is closer to the experimental 
result than the perturbative estimate. We can also check that E}*" > E5"?, as must be the 
case. For the same volume of calculations, we see that the variational method with a 
good guess for the trial wave function gives much better results than the perturbative 
approach! 


14.5.2 The excited states of the helium atom 


As we have just seen, the ground state of the helium atom has zero orbital angular 
momentum and zero spin. Using the notation ***'L,, where S is the total spin, L the 
total orbital angular momentum, and J the total angular momentum, the ground state of 
the helium atom is therefore a 'S, state. The next lowest energy levels are the 1s'2s' 
and 1s*2p? states. These levels are degenerate if H, (14.116) is used as the Hamiltonian. 
However, it is a better strategy to try to take into account, at least approximately, the 
effect of the repulsion W by using not the Coulomb potential —Ze?/r, but an effective 
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one-electron potential V.,-(7) which can be determined from self-consistency arguments. 
Therefore, instead of H) we use a Hamiltonian H): 
h? he? 


Hy = ~~ Vi — 5 Va + Veer) + Verr(2); (14.129) 


e e 
and instead of W a perturbation W’: 


2 2 2 
W' = + |-= es vent Ba -= = alr) (14.130) 
7; — 7, | a i) 
With Hj as the Hamiltonian, the 2s and 2p: levels are no longer degenerate (see Fig. 10.7), 
and the 2p level lies above the 2s level. An important remark is that W’ is invariant 
under spatial rotations, so that it commutes with the total orbital angular momentum 
L: [L, W’] = 0, although, for example, [L,, W’] 40. W’ therefore has vanishing matrix 
elements between the 1s!2s! and 1s'2p* states, which have total orbital angular momen- 
tum L = 0 and L = 1, respectively. Thus, although these levels are not far from being 
degenerate, we can use nondegenerate perturbation theory within each of the levels. 
Let us begin with the 1s'2s' state, which is the first excited level. We can build 
symmetric and antisymmetric wave functions: 


v.47) = <pleuhiden) +9,,(%) 44) (14.131) 


The one-electron terms of W’ are independent of the symmetry of V, but the W contri- 
bution is symmetry-dependent: 


leis DP 125%)? 
7, -7,| 


(HIWIP,) =e fdr ar, 


3 cy 1 me = 14.132 
+e | dr, dr, Pil Pose) ss Pis(7o) Pr5(71) ( ) 
1 2 
=Kx+J. 


The integral K is clearly positive, and it can be shown that J, called the exchange integral, 
is also positive, so that the energy of the antisymmetric wave function is lower than that 
of the symmetric one. This is easy to understand: since the antisymmetric wave function 
vanishes at 7, = 7r,, the expectation value of |r, —7,|, which is a maximum (and in fact 
infinite) at 7; — 75, is lower in the antisymmetric case. These considerations are completely 
independent of the fermionic nature of the electrons, and would also hold if we had two 
kinds of electron in the helium atom, a red one and a green one. What the Pauli principle 
implies is that the symmetry of the spatial wave function is related to that of the spin 
state. Then the lowest energy state is a °S, state, and the highest is a |S, state (Fig. 14.6a). 
If the electrons were red and green, the total spin would not be related to the symmetry 
of the wave function. 

In the 1s'2p! state the total angular momentum is L = | and the possible states are 
'P, in the singlet spin state and *Pp, *P,, and *P, in the triplet spin state. The exchange 
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1.2x10-*eV 


1.0x 10> eV 


=P 


(a) (b) 


Fig. 14.6. The first two excited states of the helium atom. After Cohen-Tannoudji et al. [1977], 
Complement Byyy. 


integral is again positive, so that the triplet states lie lower than the singlet state. The 
level scheme is sketched in Fig. 14.6b. 


14.6 Exercises 
14.6.1 Second-order perturbation theory and van der Waals forces 


The van der Waals forces between two neutral atoms arise from the interactions between 
the induced dipole moments. We wish to evaluate them in the case of two hydrogen atoms 
in their ground states |g~)). To do this we shall need to use second-order perturbation 
theory. 


1. Second-order perturbation theory. First we determine |¢y,) assuming that |g) is nondegenerate; 
the notation is the same as in Section 14.1.2. Show that 


(Ey — Ho)|¢1) = (W — E,)|¢o). 
Keeping the term of second order in A in the series (14.3) and (14.4), show that 
E, = (¢o|W|¢)).- 
We recall that |g)) = |n) and 


n k 
Ho|n) = ES? |n), — Ho|k) = ES? |k). 
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Prove the identity 


I =|n)(n| + (Eo — Ho) p 1) (Ey — Hp) 


k#n 
and derive (14.7): 


g, = yr KalWleP 
2 (n) (k) ° 
k#n Eo —E5 


2. The protons of the two hydrogen atoms are separated by a distance R >> dy, where dy is the 
Bohr radius (1.34); R is the vector joining proton | and proton 2 and the z axis points along R. 
We use 7, to denote the vector joining electron | to proton 1, 7, the vector joining electron 2 
to proton 2, and d; = q,F; is the electric dipole moment of the atom i. Show that in classical 
physics the interaction energy of the two dipoles is [e? = q?/(47€,)| 

ce a a ee 
W= R? Ei 1g 3 RG, -R)| 
# 
= [%1%2 + Y2 — 22129]. 

3. To obtain the quantum expression for W, we use the correspondence principle, replacing the 

numbers x,,...,Z) by the operators X,,..., Z): 
Pe 
WwW => RB [X,X,+Y, Y, —2Z,Z,]. 


Show that the expectation value of W vanishes in first-order perturbation theory: 


Ey = (G01 P02|W|Po1 02) = 0. 


4. In second order, if |y,) designates an excited state or a continuum state of energy E,, then 


Qa Qa W . 
Bi % Kz iP Jl |Po1 P02) | 
Qa) ,Q9 —2R,. — E,, — Ey, 
where R,, is the Rydberg constant (1.35). To obtain the order of magnitude of E, we neglect 
E,, and E,, in the denominator. Show that 


age (Oy. 
R 


The interaction energy varies as R~> and the force as R~°. Show that the preceding estimate is 
no longer valid if R 2 hc/R,,. Show that the force law is R~’ for distances R > hc/R,,. 


a 


14.6.2 Order-a? corrections to the energy levels 


Hint. In both this problem and the following one, it is recommended that for numerical 
work the energies be written in dimensionless form by using the factor R,, = 13.61 eV. 

In addition to the fine structure, there exist two other O(v/c)’ corrections to the energy 
levels of the hydrogen atom (or, more generally, one-electron atoms). 
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1. The kinematical correction. The relativistic form of the electron kinetic energy is 


2 4 6 
pl ip P 

K=,pc?+mct =m,c’ +-—-— > +0 
is a 8 mic? mic 


e 


Verify this series in powers of p/m,c valid for p/m,c < 1. The first term is the mass energy, 
a simple additive constant, and the second is the nonrelativistic form of the kinetic energy used 
in solving the Schrédinger equation. The objective is to evaluate the corrections due to the third 
term O(p*). Show that this term gives a correction AEy « a?(v/c)? = O(a*) to the energy 
levels. In order to evaluate this correction precisely, we use perturbation theory. Show that in 
first order 


1 
AE =-5/¢ 41a(B) 2, 
e = Spae | SPP |P(P)| 
where $(p) is the Fourier transform of the wave function ¢(7F): 


(oy | 3. gipr/R (2 
*@) = Goan | 4 re g(r). 
Calculate AE, for the 1s level of the hydrogen atom. The necessary integrals can be derived 


from 


od 
Wx)=f ate 
0 gtx 2 


by differentiating with respect to x (x > 0). 

2. The Darwin term. The second correction arises from the fact that in the nonrelativistic approxi- 
mation of the Dirac equation, the electron cannot be localized to better than within h/m,c, the 
electron Compton wavelength. To take this spatial extent into account, the potential energy is 
written as 


Enq = | du f(liil) VF +i), 


where V is the usual potential energy and f(u), which is spherically symmetric, has extent 
~ h/m,c and is normalized by 


[fu fw) =1. 


Expanding V(r +a) about u = 0, show that 


h \? h \* 
Em = ve) +0| (<*-) Jrvro() ; 
m,C m,C 


The Dirac equation gives the exact coeffficient: 


nh nh Y? 
VV+0O(—). 
8m2c? 7 (—) 


The second term in E,,,, 1s called the Darwin term. Show that this term affects only s-waves and 


E pot = V(r) + 


gives 
2,2 


Wi 
|e(7 =0)). 


AEy = — > 
> 2m2c? 


Evaluate AE, numerically for the 1s level of hydrogen. 
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14.6.3 Muonic atoms 


The muon (j) is a lepton completely identical to the electron except that its mass is m, ~ 
105.7 MeV c~? ~ 206.8m, (cf. Section 1.1.3). An atom can capture a negative muon ~ 
into an orbit about the nucleus just like an electron, to form a “muonic atom.” 


1. Calculate the Bohr radius ay of the muon, as a function of the atomic number Z, the ratio 
m,/m,, and dy = h?/m,e’, for an atom of atomic number Z by writing 


Z 1 


“u  Za(A) 


do. 


The reduced mass is used in the calculation of a(A). Compare ay, to the nuclear radius R 
for aluminum (Z = 13, A = 27) and lead (Z = 82, A = 208). We recall that R is given by 
R~ 1.2 x A'? fm, where A is the number of nucleons. 

2. Tat AR SAE. = E,, — E,, be the energy difference between the 2p and 1s levels of the 
hydrogen atom. Calculate the corresponding quantity AEX for an atom of atomic number Z as 
a function of AE, and m,/m,. Compare to the experimental values: 


Aluminum : AE} =0.3443MeV, Lead : AE" = 5.96 MeV. 


What type of photon is emitted in these transitions? 

3. Show that the screening of the inner-shell electrons is negligible. In contrast, an important 
correction comes from the finite size of the nucleus. Show that the potential seen by the muon 
is not —Ze*/r but 


We wish to calculate the level shift using first-order perturbation theory starting from the solution 
for the exact Coulomb potential. What perturbation W(r) should be used? Show qualitatively 
that the finite size of the nucleus is negligible except for s states, and that in this case for small Z 
and an orbit of principal quantum number n with radius large compared to R the shift will be 
7 27Ze? 
nn 5 
where ¢,,(7) is the unperturbed wave function. Show that for the Is state 


4 Zn RN 
AE=-R,, L ‘ 
5 m oe 


AE R’|¢,(7 = 0)’, 


e 


where m/, is the reduced mass. Find the numerical value of this shift for aluminum.” Is the 
correction in the right direction? Is it reasonable to apply the method to the case of lead? 


28 Aside from the correction due to the finite size of the nucleus, the most important correction comes from the vacuum 
polarization due to virtual electron—positron pairs. The correction for the 1s state of aluminum is —2.25 keV. The sign of 
this correction is negative; in fact, at short distances @ is larger than 1/137 and the muon, which sees a larger charge, is 
more tightly bound than if a were constant. This behavior of a was mentioned in Footnote 36 of Chapter 1: a grows with 
energy and, according to the Heisenberg inequality, short distance implies large momentum and therefore high energy. 
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4. Show that the ratio of the typical fine-structure energies to the typical level energies is the same 
for the electron and the muon. Show that this ratio, however, is larger by a factor m,/m, for 
the hyperfine structure. 


14.6.4 Rydberg atoms 


The results of Exercise 10.7.9 allow us to write down the radial wave functions uw,,,(r) of 
the hydrogen atom in the form 


n—I-1 r qti+l x6 
ta(h= Doe; (=) exp (-=). 


To write down the formula for the coefficients Cis it is convenient to define k =n—1: 
o\4 (k —1)!(21+ 1)! 
n) g(q+2l+1)'"(k—q-—1)!’ 


where cy is fixed by the normalization condition of the wave function. We are interested 
in values n > 1, typically n ~ 50. 


Cy 


1. Show that if / takes its maximum value / = /,,,, =n—1, the radial wave function displays a 


max 


narrow peak near the point r = ayn”. What is the width Ar of this peak? Hint: study the function 


oi (x) =" eox/n 


and show that for x ~ x) =n’, 


F(x) = fino) exp l-a5 (x = «) | . 


Show qualitatively that if 1 <n—1, the dispersion Ar is larger than for /=n-—1. 
2. We are now interested in the angular part. According to (10.53), 


re, ) vas ei? £7" (6). 
Using L,Y; =0 and the expression (10.48) for L.., show that 
Y/(0, b) «el? sin’ 0. 


Show that if J >> 1, |¥/(@, #)|? is nonzero only near the xOy plane (that is, for 6 = 7/2) and 
calculate the dispersion A@. What happens if |m| 4 /? 

3. Using the first two questions, show that for n >> | the states / = n—1 and |m| =/ are localized 
in a horizontal torus of radius n*ay whose cross section is a circle of radius ayn*/?. Compare 
with the orbits (1.33) obtained using the Bohr prescriptions of Section 1.5.2. 


14.6.5 The diamagnetic term 


When we derived the form of the Hamiltonian (14.23) of the Zeeman effect, we neglected 
a term « A? called the diamagnetic term. To justify this approximation, let us consider 
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the case of a uniform, constant magnetic field B,a possible expression for A being (cf. 
Section 11.4.2) 


st 


A=-Bx 


Nile 


1. Show that the quantum Hamiltonian of an electron of charge g in this magnetic field can be 
written as 


where L = R x P is the orbital angular momentum. Carefully justify the operator commutations. 

2. Identify Hz as the part of the Zeeman Hamiltonian (14.23) of orbital origin and give the order 
of magnitude of this term for a magnetic field of | T when the electron is bound in an atom. 
The diamagnetic term Hp can be written as 


R2 
Ri. 


e 


where R , is the component of R perpendicular to B. What can we take for the order of magnitude 
of (R?.)? Show that |(Hp)| « |(H)| for an electron bound in an atom, and that the diamagnetic 
term can be neglected in calculating the Zeeman effect. However, this term cannot be neglected 
in calculating the Landau levels, because the radius of the electron orbits is macroscopic in that 
case. 


14.6.6 Vacuum Rabi oscillations 


Let us assume that the eigenfrequency w of a cavity is close to the frequency w,) = 
(E,—E,)/h of a transition between two levels e and g of an atom, and use 6 = w— 
to denote the detuning. If the atom interacts with the quantized electromagnetic field 
inside the cavity, we can to an excellent approximation limit the expansion (11.136) of 
the quantized field to a single frequency mode w, because this mode is the only one that 
interacts with the atom in a resonant fashion. We work in one dimension, keeping only 
the dependence on z and the polarization in the x direction, so that the field can be treated 
as a scalar. 


1. Using (11.136), show that for the quantized field E we can write 


ho ; , 
E t= —iwt — Atpiwt)\ kz. 
CAR EE, a, (ae a'e'®') sinkz 


We assume that the atom always moves along the line of constant phase sinkz = 1. 
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2. The atom + field Hamiltonian is 
H= EF civ =F Aiea =e W, 


where W represents the interaction between the atom and the field. We take |g) to be the 
zero-energy state with no photons. Derive the form of 7 


H = ha le) (e| +hoN + W, 


where JN is the number operator for photons in the mode of frequency w. Give the spectrum of 
H first neglecting W and assuming that |5| < w, but 640. Let H” be the subspace of the 
Hilbert space formed from the following basis states, where n is the number of photons in the 
cavity: 


¢,=le@(n—1)),  $, =|8@n). 


Show that these states are nearly degenerate if W is neglected. 
3. We define the operators 


b=\g){el, b' =|e)(g| 
and the dipole moment of the atom (cf. Section 5.2.2) 
D=d(b+D'). 


Write down the interaction term W explicitly in the dipole approximation. Show that if W is 
constrained to the subspaces H, then 


hQ be gt 
W= ore (ab' —a'b) 


lh 
AG 237 in 
EyV 


The frequency Op is called the vacuum Rabi frequency. What terms have been neglected in 
the approximate expression for W and how can this approximation be justified? The atom + 
field Hamiltonian involving the approximate expression for W is called the Jaynes—Cummings 


with 


Hamiltonian. 
4. What are the values of E,, and the corresponding eigenstates when W is taken into account? We 
shall take (cf. Section 2.3.2) 


OgJ/n =o Q,, 


tan 20, = 
an 26, 5 5 


Qualitatively sketch the spectrum of the first few levels of H as a function of 6. 

5. The atom in the excited state |e) is sent to the empty cavity along a trajectory such that sinkz = 1. 
We take the resonant case 6 = 0. Show that the probability p,(t) of finding the atom in the state 
|e) after a time ¢ spent in the cavity is a periodic function of t. We obtain Rabi oscillations, and 
since these oscillations arise from the interaction of the atom with the vacuum fluctuations, they 
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are called vacuum Rabi oscillations. The experimental observation of these oscillations provides 


direct proof of the quantization of the electromagnetic field. The numerical values are?’ 


d=1.1x10°*%C m, — =5.0x10'° Hz, V=1.87x 107° m’. 
TT 


Compare to the experimental value Op /27 = 47 kHz. 
6. Calculate p,(t) away from resonance, and show that the oscillation frequency is now (always in 
the case where there are no photons in the cavity) 


Ga + OR. 


Show that for the detuning Og « |6| « wp the atom nearly always remains in its excited state: 
spontaneous emission is inhibited by the presence of the cavity. 

7. How should the results of the two preceding questions be modified if the cavity contains exactly 
n photons? If 6 = 0, what happens when the cavity contains a coherent state of the field? 


14.6.7 Reactive forces 


We take the Jaynes-Cummings Hamiltonian of the preceding Exercise 14.5.6 for an atom 
with two levels |g) and |e) immersed in the quantized electric field of a cavity: 


h 
E=ié(a—a')sinkz, €=./—~., 
EV 
with the notation of the preceding exercise. The Hamiltonian is given by 
H = hw,|e)(e| +haN +W 
with?” 
1 : 
W= 5 hQ,,(ab* +a’‘b), 
where b = |g)(e| and b' = |e)(g|. The frequency ©, defined as 
dé 
QO, (z) = 2 — sinkz 
h 
is a function of z. 


1. In the two-dimensional subspace A) in which the states |g @n) and |e@(n—1)) form an 
orthonormal basis, show that up to an additive constant the Hamiltonian takes the form 


u=tna( ° vn ! 
2 \Q,Jf/n -6 


where 6 = w — wy is the detuning. We set 


On(2) = 8 +032) = 8? + 22(2) 


2° 'M. Brune, et al. Quantum Rabi oscillations: a direct test of field quantization in a cavity, Phys. Rev. Lett. 76, 1800 (1996). 
3° A suitable choice of phase for the vectors |e) and |g) has allowed us to eliminate the factors of i of the preceding exercise. 
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and define the angle 6,,(z) as 


2,2) 
1, (2) 


cos 26,,(z) = sin 26,,(z) = 


= 
©,,,,(Z) 


Show that the eigenvectors of H restricted to H” are 


IXin(Z)) = —sin 6,,(z) |g @ n) + COS 6,(z)|e@ (n — 1)), 
IXon(Z)) = COs 6,(z)|g @n) + sin 6,(z)|e® (n =] 1)). 


What are the eigenvalues of H? Calculate the force on an atom at rest at z when this atom is in 
the state |y,,,) or the state |y>,,). 

. In what follows we assume that the field inside the cavity is that of a laser in a coherent state 
with an average number of photons (n) > 1 such that An < (n). We can then write down a 
classical expression for this field: 


E, (t, z) = €) cos wt sin kz. 


Using (11.93), show that 


hO,(z)V/(n) =fhw,(z), @,(z)= sea sin kz, 


where w,(z) is the usual Rabi frequency (cf., for example, (14.74)). In the preceding discussion 
we have neglected spontaneous emission, which has the effect of depopulating the laser mode in 
favor of the vacuum mode. The rate of transitions between the states with n and n—1 photons 
is given by 


[,(z) = CV (Xin—1(Z)1B +B" Xin (2d)? 


with (i, j) = 1, 2. Calculate T;;(z) as a function of the angles 6,,(z) and @,,_;(z). In what follows 


we assume that the laser is intense, n >> 1 and Q,, ~ Q),,)(z) = V8 + w7(z). 
. The populations p;(z) are defined as 


p;(z) - Vin (z)|PlXin(Z)); 


where p is the state operator of the atom dressed by the field. Show that if 0,,,) >> [ the 
populations obey the master equation 


Bi(z) = —Ty)(z)Py(z) + Py2(z)P2(z), 
P2(z) = Ty:(z)Pi(z) —Ti2(z)p2(z). 


What are the stationary values of the populations p*' as a function of z? Show that an atom at 
rest feels a force 


pete) (2), 


st) _ pst 
4 az JS + w2(z) (p; (z) p>; 


Substitute the values of pj' and p¥ into this result and compare with (14.98). 
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14.6.8 Radiative capture of neutrons by hydrogen 


NB It is useful to reread Sections 12.2.3 and 12.2.4. In a boiling-water or pressurized- 
water nuclear reactor a fraction of the neutrons is absorbed by the hydrogen of the water 
in the reaction 


n+p—>D+y7, 


where n is a neutron, p is a proton, D is a deuteron, and y is a photon. This reaction, called 
radiative capture, has the drawback of decreasing the number of neutrons available for 
fission. The deuteron is a neutron—proton bound state of total angular momentum J = | 
and binding energy B = 2.23 MeV. It is a mixture of the °5, and *D, states, but to simplify 
the discussion we shall take into account only the +5, state. The goal is to calculate the 
radiative capture cross section. In the numerical calculations it will be convenient to use 
a system of units in which h = c = 1. In this system the mass, momentum, and energy 
have the dimensions of inverse length, and the conversion factor is 


1 (fm)~' ~ 200 MeV. 


1. The reactor neutrons have very low energy (< 1 MeV), and so the n-p potential in the S-wave 
can to a good approximation be represented by a delta function 6(7) (see (12.44)). The bound- 
state wave function is given by (12.45), with a > a, ~ 5.40 fm. Calculate the normalization 
constant C and x~! in fm. We note that x~! fixes the length scale of the problem. 

The scattering states of interest to us will be the 'S, states, where the scattering length is a,, 
a, ~ —23.7 fm. It is convenient to fix the normalization by writing 


_ sin[pr +5(p)| 
= ee 


(7) 
Show that for p > 0 
wr) =-= (1--), 4=4,.9 2a. 
r a 


2. The neutron of the capture reaction is very slow, and, owing to the centrifugal barrier, the 
reaction occurs in the S-wave, which a priori presents two possibilities: 


(n—p?S,) > DCS,)+y, (n—p:'S)) > DCS,)+¥. 
Electric dipole transitions are negligible because they would correspond to initial state in a 


P-wave (why?). The reaction comes from the coupling 4-B between the deuteron magnetic 
moment jf and the quantized magnetic field B, with 


bn [(g + S)(G + GF) + (8, — Sa)(F — F)] ? (14.133) 
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where fy = q,h/2M. The quantities g, ~ 5.59 and g, ~ —3.83 are related to the proton and 
neutron gyromagnetic ratios and o are the Pauli matrices. Show that the coupling to the quantized 
electromagnetic field responsible for the reaction is 


Ww’ = -- eat ji- [kx ex()]ai eo”, 
where the photon has wave vector k and frequency w = ck, k= k/k, é, is a polarization unit 
vector which we can take to be real, and V is the normalization volume. Neglecting the deuteron 
recoil and noting that the incident neutron energy ¢ < B, calculate k in fm~' and show that it 
is possible to make the approximation exp(—ik oh 9 baal 

3. Justify the various factors in the following expression for the cross section, where Q, is the 
emission direction of the photon with wave vector k and F is the incident neutron flux: 


do 27 Vordw 
— = ——|(f|W|i)/?6(hw — (E, -E,))——~ 
a0 = pag WWI)? (ho — (E, -ED) 5ee 
with 
i how pl ag SS 252 oe A sy. 
vs Zep Beal), é,(k) =k xe). 
Here |i) is the initial n—p state and |f) is the deuteron state. 


4. The matrix element (f|W|i) breaks up into a spin part and a spatial part, because the total state 
vector W; , is a product of the spin vector x; ; and the spatial wave function yw; ;(7): 


Wi == Wi (7) Xi, f+ 


(a) If x", m = +1, 0, and y, denote the triplet and singlet spin states, the spin part of (f|W|i) 
will be 


1 Boa Sa my ee ee 
Wri = 4 My (X¢l(8p + 8,)(G +6,) "ey a (g, — 8 )(G, “et C,) 7 e,|Xi)» 


where x; = x{" and y; = x;" or x,. Show that 
(G,+9,)|Xs) =0, (Xs10p1X5) = 0. 
(b) The spatial part will involve the integral 
n= [Pry P= [Pru 


Show without calculation that /;; = 0 if ; and wy, are the L = 0 wave functions of the triplet 
state. Calculate /,; explicitly if w; is a singlet wave function using the approximations of 
question 1. 


5. The above results can be summarized as 


| a ee 
Wain = q Mv (8p — Bn) (Xi |(G — G,) + ey Xs) 


I m| = dae 4 1 y 
> 5 Mv (8p — Sn) (Xi |o, +e) Xs) = 5 Mw (8p — 8n) Wopin- 
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It is necessary to square this, sum over the final photon polarizations (>°,), sum over the final 
deuteron spins (>~,,,), and average over the initial spins (the factor of 1/4). Show that 


(IWeoinl”) = g LEM e'WOP 


1 
= 4 L6;-k k)(xle, Oi PilXers 
uy 


Hint: show that >°,,, |x/”)(x;{"| can be replaced by the identity operator in spin space. Obtain the 
result (| Wal y= 1/2: 
6. Assemble all these factors to show that 


a Wii? — i 
ZLEM WP = Teepe HG — Ba)” 
Taking into account the normalization of the spatial wave functions, it can be shown that the flux 
factor is ¥ = ./2e/M. Derive the total cross section for the capture reaction (a = q /47evhc): 
_ anh? Be. 1 
24 f%e .Me 


Compare to the experimental result for thermal neutrons at 300 K: 


On = [ a0 (8 — 8) —Ka,)?. 


Fro = 0.329 40.006 x 10-8 m? = 32.9+0.6 fm’. 


14.7 Further reading 


Perturbation theory and the variational method are described in all the classic texts. A 
source for further details about the energy level structure is Cohen-Tannoudji et al. [1977]: 
fine structure, Chapter XII; Zeeman effect, Complement Dy,;; hyperfine structure, 
Chapter XII. See also B. Bransden and C. Joachain, Physics of Atoms and Molecules, 
Harlow: Longman Scientific and Technical (1983). Cohen-Tannoudji’s course, ‘Atomic 
motion in laser light’, in Optical Coherence and Quantum Optics, Les Houches School, 
Amsterdam North-Holland (1992), contains a very complete discussion of the laser 
manipulation of atoms. See also D. Suter, The Physics of Laser-Atom Interactions, 
Cambridge: Cambridge University Press (1997). The helium atom is treated in great 
detail by Cohen-Tannoudji et al. [1977], Complement By,y. 
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Open quantum systems 


Most textbooks on quantum mechanics deal exclusively, or almost exclusively, with 
the time evolution of closed systems, and up to now this book has been no exception, 
apart from a glimpse of nonunitary evolution in Section 14.4.1. The time evolution of 
closed systems is governed by the Schrédinger equation (4.11) or its integral form (4.14). 
However, a closed system is an idealization, and in practice all quantum systems (except 
maybe the Universe as a whole) are in contact with some kind of environment. The 
Hilbert space of states is then a tensor product H, ® H,, where H, (A(,) is the Hilbert 
space of states of the system A (environment €). In Chapter 6 we learned that the state 
operator p, of A is obtained by taking the trace over the degrees of freedom of €& 
(see (6.30)), and the time evolution of p, is not unitary: it is not governed by (6.37) 
with a Hermitian Hamiltonian. The von Neumann entropy Tr[p, In p,|, which is constant 
for unitary evolution, is time-dependent when the system is not closed. In general, it 
increases because information is leaking into the environment, and irreversible behavior 
is observed because we are not able to control the degrees of freedom of the environment. 
As just mentioned, in Section 14.4.1 we gave a first example of nonunitary evolution, 
the system being a two-level atom and the environment the quantized electromagnetic 
field. In the present chapter we wish to give a general approach to the theory of quantum 
systems which are not closed, or open quantum systems. 

Let us introduce the subject by looking at a specific (but very important) case, the time 
evolution of an open two-level system. In order that consistent notation be used throughout 
this chapter, we borrow the notation of quantum information (Section 6.4.2) and call |0) 
and |1) the basis vectors of the two-level system, with a “free” Hamiltonian H 


1 


so that the eigenstates of H, are |0) and |1): 
1 1 


Then ha, is the energy difference between the ground and excited states. The matrix 
elements Poy and p,;; = 1 — Poo of the state operator describe the populations of levels 


507 
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|0) and |1), while p 9, = pj) describes the coherences. At thermal equilibrium with 
temperature 7, the populations p,j and p;} are fixed by Boltzmann’s law 


eq h 
sit =exp(-7*). (15.3) 


For the sake of definiteness, we specialize to the NMR case (Section 5.2). If the 
proton spins were isolated, their time evolution would be governed by (6.37), where 
the Hamiltonian depends on the constant magnetic field By and the radiofrequency field 
B, (t). As in Section 14.4.1, it is convenient to use the Bloch vector b= (u, v, —w) (6.24); 
W = (P1; — Poo) describes the population difference and (u, v) the coherences, po, = r= 
(u —iv)/2. If the spins were isolated from any kind of environment, the evolution equa- 
tion (6.37) for p with the Hamiltonian (5.23) in terms of populations and coherences 
would read as 


w = iw, (re —re'™), 


(15.4) 


ae ia, ; 
r =iwyr+—we™, 
2 


where w, is the Rabi frequency. The slight differences from (14.80)-(14.81) drop out in 
the rotating-wave approximation. In order to take into account the interaction with the 
environment in a phenomenological way, we follow Section 14.4.1 and supplement these 
equations by two relaxation terms 


* 


w = iw, (r*e — re) —T\(w—w,,), 
: (15.5) 
1 s 

r=i@yr+ = we’ —Tyr. 


These equations are the Bloch equations of NMR. The form of the relaxation term is not 
the most general one, but the approximations leading to (15.5) are usually justified: see 
the comments following (15.113). In order to give a physical interpretation of the new 
terms, let us assume that the radiofrequency field has been switched off at t = 0, so that 
w, = 0 for t > 0. Then the solution of (15.5) is 


w(t) — Weg = [w(t = 0) — Wea] ett 


| (15.6) 
r(t) = r(t = 0) ei eo?" 


The populations return to equilibrium with a relaxation time 7, = 1/TI), the longitudinal 
relaxation time, and the coherences with a relaxation time T, = 1/I,, the transverse 
relaxation time introduced in Section 5.2. The main difference from (14.84)-(14.85) is 
that we now have two independent relaxation times,’ while in (14.82)-(14.83) we had 
Tl, =. /2=1/2. In the NMR case, T, and T, are of the order of a few seconds, and T, < T, 
(with T, < T, in most cases, for example 7, ~ 1 ms and 7, ~ 1s; see Levitt [2001]). 


' Bloch equations with two independent relaxation times are also encountered in laser physics; see, e.g., Mandel and Wolf [1995], 
Chapter 18. 
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The chapter is organized as follows. In Section 15.1 we give some additional results on 
entanglement to supplement the more elementary approach of Chapter 6 by introducing 
the Schmidt decomposition of entangled states and the concept of positive operator-valued 
measure (POVM). Section 15.2 is devoted to establishing the general expression for the 
reduced state operator at time f as a function of its value at time tf = 0, which we shall 
write in the Kraus form. Section 15.3 will address the particular but very important case 
where one is able to write the time evolution of the state operator in the form of a 
first-order differential equation in time, called a master equation. Finally, Section 15.4 
will be devoted to the study of two models where the system of interest interacts with 
a thermal bath of harmonic oscillators. The first example will be that of a two-level 
atom and the second that of a Brownian particle. We shall derive master equations in 
both cases and examine their physical implications. The case of Brownian motion will 
be particularly important, as there we shall be able to understand the decoherence of the 
initially coherent superposition of two wave packets in the case of heavy particles, an 
example of a Schrédinger’s cat. 


15.1 Generalized measurements 
15.1.1 Schmidt’s decomposition 


In this subsection, we give some further mathematical results on entangled states living in 
a Hilbert space of states? H, ® Hg, in order to supplement the discussion of Chapter 6. 
Here H, and Hg, of dimensions N, and Nz, are the Hilbert spaces of states of A and B. 
The full state operator acting in A(, ® Hz is denoted p,,. We use Latin indices for F, 
and Greek indices for Hz, so that the matrix elements of p4z are p7)".,,,.° We have seen 
in (6.30) that the reduced state operator p, of A is obtained by taking the trace over the 
B variables: 


Pa = TrgPap, Cade = Shae (15.7) 
bh 


Let |@,3) € H, ® H, be a pure state of the coupled AB system, and let {|m,)} and 
{|,)} be two othonormal bases of H, and H,. The most general decomposition of 
|P4pz) on the basis {|m, ®w,)} of H, ® Hy reads 


Pap) =D Gy ltt @ Mz). (15.8) 


mM, 


Defining the vectors |m,) € Hl, as 


|p) _ a Crp lbp)» 
i 


> For the time being we do not think of system B as necessarily being an environment € for system A. 
3 For clarity of notation, we use superscript AB when writing matrix elements. 
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we can rewrite (15.8) as 
oy) =) |m, @ mg). (15.9) 


m 


Note that the set {|7,)} need not form an orthonormal basis of A(,. Now let us choose 
as a basis of A(, a set {|m,)} which diagonalizes the reduced state operator p ,: 


Ns 
Pa =TrglPas)(Pasl = e DP, |74)(m,|. (15.10) 


m=1 
If the number N, of nonzero coefficients p,, is smaller than the dimension N, of F,, 
we complete the set {|m,)} by a set of (N,—N,) orthonormal vectors, chosen to be 
orthogonal to the space spanned by the vectors |m,) in (15.10). We use (6.34) to compute 
p, from (15.9): 
Pa = > (figlmg)|m,4) (ng). (15.11) 


min 


On comparing (15.10) and (15.11) we see that 


(ip |p) = Divi 


and with our choice of basis {|m,)} it turns out that the vectors {|m,)} are, after all, 
orthogonal. To obtain an orthonormal basis, we only need to rescale the vectors |7,) 


a) =p" [t5): 


where we may assume that p,, > 0 because, as explained above, it is always possible to 
complete the basis of AC, by a set of (N,; — Ns) orthonormal vectors. We finally obtain 
Schmidt’s decomposition of |g,4,) on an orthonormal basis of F(, ® H;: 


IPap) = Pe ttre) (15,12) 


Any pure state |@,,) may be written in the form (15.12), but the bases {|n,)} and {|n,)} 
will of course depend on the state under consideration. If some of the p,, are equal, then 
the decomposition (15.12) is not unique, as is the case for the spectral decomposition of a 
Hermitian operator with degenerate eigenvalues. The reduced state operator p, is readily 
computed from (6.35) using the orthogonality condition (m,|n,) = 6 


mn* 


Pz = Tr 4\Paz)(Pazl = )'p, |g) (nal. (13.13) 


Comparing (15.10) and (15.13), we see that p, and p, have the same eigenvalues. The 
Schmidt number Ny is the number of nonzero eigenvalues of p, (or pz). A state |~,4,) is 
a tensor product if and only if its Schmidt number is exactly equal to one. It is entangled 
whenever N, > 2. If N, = Nz = N, a maximally entangled state corresponds to N; = N, 
p, =1/N: 


max I ia(n 
Cat ae 2k ni ing), (15.14) 


15.1 Generalized measurements 511 


where exp[ia(n)] is a phase factor. The Bell states 


1 
|P,) = Filles @0,) £|1,@ 15), 


1 
J2 
provide an example of maximally entangled states for N, = N, = 2. It can be verified 
directly that maximally entangled states have the property that the individual reduced 
state operators are proportional to the identity operators 7, and /,. An important result 
is that a local evolution described by a unitary operator of the form U, ® U, does not 
change the Schmidt number, because 


(U, @ Us) |Paz) = »s p,?|n', ® n'y) 


n 


< 


(15.15) 


|W.) — (|0, ® 1g) £|1, @0,)) 


with 
|n',) =U,|n,), |n') = U,|nz)- 


As a consequence, a product state (tensor product) cannot be transformed into an 
entangled state through a local evolution in which systems A and B evolve indepen- 
dently.* One needs nonlocal evolution, involving an interaction between the two systems, 
in order to entangle a state which is initially a product state. Conversely, one needs 
nonlocal evolution to disentangle an entangled state into a product state. 


15.1.2 Positive operator-valued measures 


In Chapter 4 we defined a maximal test of a quantum system whose state vector lives in a 
Hilbert space of dimension WN as being a test with exactly N mutually exclusive outcomes, 
whose probabilities add up to one. Mathematically, a maximal test corresponds to defining 
N one-dimensional orthogonal projectors P,, adding up to the identity operator: 


N 
Fo = OK peep (15.16) 
a=1 


Because its eigenvalues are zero and one, P,, is a positive operator. If a physical property 
M, of system A with nondegenerate eigenvalues A, is built up as 


N 
M = ye d, Po ? 
a=1 
then measuring M, is equivalent to performing a maximal test. A set of projectors (15.16) 
is called a von Neumann, or orthogonal, measurement. Let p be the initial state operator 


4 In this chapter, “local” and “nonlocal” have the following meanings. Acting locally on a particle means that there is no 
interaction with the other particles, for example because the particle is far away from the others. Acting nonlocally means 
that there must be an interaction between this particle and other particles of the ensemble. 
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of a quantum system and let us perform a von Neumann measurement of M, with 
result A, (or simply a). Recall from Section 6.2.5 that the probability p(a) of obtaining 
result a is 


p(a) =Tr(p?,). (15.17) 


Then from the WFC postulate in the form given in Section 6.2.5 the state operator is 
transformed into 
PapPa 


+, 15.18 
Tr(P, pP,) ae 


p> p= 


The denominator in (15.18) ensures that Tr p” = 1. If the measurement is not read (if A, 
is not observed), then the measurement destroys the coherences (see Appendix B): 


N 
p>p=)°P, pP,. (15.19) 
a=1 


The most efficient way of obtaining information on a quantum system is not always a 
von Neumann measurement (or a maximal test). We shall introduce generalized mea- 
surements by incorporating system A into a larger system AB and performing a joint 
measurement of a physical property M,, acting in A(, ® Hg, assuming that the quantum 
state of AB is prepared as a tensor product? p, ® pz. Let us write a complete set of 
orthogonal projectors P,, (15.16) acting in H, ® H,; the probability of outcome a is 


p(a) = Tr ,Trs[P,(P,4 ® pz)] = Try[2, 4], (15.20) 
with 
Q, = Trs[P.pz], (15.21) 


or, in terms of matrix elements (see Footnote 3), 
B 
Onn = > sa Pou: (15.22) 
bv 


The operators Q,, act in A(,, and it is easy to check the following properties. 
1. Hermiticity: 2, = Q*. Indeed, 


(Qi) = ee (Pry) = x Pscieaie Py = Spee 
bv 


[a 


where we have used the Hermiticity of P, and pz. 
2. Positivity: Q, > 0. In a basis which diagonalizes p, 


Pa= > Pyles) (Mel, 
bw 


5 However, the space of states of AB need not be a tensor product. From a mathematical point of view, the space of states 
may be a direct sum H, ® Hg (see Exercise 15.5.1), although, in practice, it seems difficult to implement the POVM in that 
case. We shall therefore limit our discussion to the case of tensor products. 
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we have 


(H4|QalWa) = Paha @MalPalWs @ Mg) = 9 


because P,, is a positive operator. 
3. Completeness: 


> 2, == Tr on = Ia, 
because }°, P., = 1,4, and Trgp, = 1. 


In contrast to the projectors (15.16), the Q, need not be orthogonal: 2,2, 4 6,,. In 
general, one defines a positive operator-valued measure (POVM) as a set of operators 
Q,, acting in A, which obey 


(15.23) 


We can now generalize (15.17)-(15.19) to the POVM case. From (15.20) the probability 
of result a is 


p(a) = Tr(Q_,p). (15.24) 
If the measurement is performed but the result is not read, the state operator transforms as 
p>p'=)>)2,p2,, CL3.29) 
while if the result of the measurement is read 
Q,pQ2 
f= 15.26 
pF Tr(2,p 2.) ie 


We have introduced the POVM starting from an orthogonal measurement in A(, ® Ap. 
This is indeed the most general case, at least if the POVM involves rank-one operators: 
it follows from Neumark’s theorem® that any POVM defined by (15.23) in A, can be 
realized as a von Neumann measurement in some Hilbert space H(, ® Hg. 


15.1.3 Example: a POVM with spins 1/2 


Let us give as an example a POVM with spins 1/2. Let {n,} be a set of unit vectors in 
R? and {c,} a set of real coefficients such that 


Scyfig=0, O<G <1, Va =l, (15.27) 


© See, e.g., Peres [1993], Chapter 9 for a proof. 
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and let us define the following operators for a spin 1/2: 
0, =¢,74+ 6: h,) =26,7(N,,); (15.28) 


where P(7,,) is the projector on the spin state |7,), which is an eigenvector of (@-7,) 
with eigenvalue +1: 


(o , Aq) |Na) = Lae 


The state |Z) is identified with |0), and the state |7,) is obtained from |0) by the rotation 
of angle 6, around the y axis which brings the vertical unit vector Z onto n,: 


i= exp(—5 0,07) |0). (15.29) 


From (15.27) one sees that the Q, are positive operators which obey the completeness 
relation }°, 2, =/, but are not in general orthogonal. They are therefore an example of 
a POVM. The simplest illustration of a POVM that is not a von Neumann measurement 
is obtained by choosing three vectors {7,} = (,, N,,,) with, for example, 


1 
Ca = Ch = Co = 3s n,tn, +n. =0 
Then the Q,, are 
1 2 
ae => gto ig) = 3 Pig) (15.30) 


If we choose unit vectors 7, in the xOz plane, a possible symmetric choice is as follows: 
n, lying along the z axis and n, and 1, making angles of 47r/3 and 87/3 with the z axis, 
so that (15.29) leads to 


la) := [fi,) = 10), 
2) =|) =-4 10) +S 10, (15.31) 


: 1 J3 
lc) = ft.) = —5 10) — 5-1). 


Our first goal is to give an explicit verification of Neumark’s theorem by constructing 
the POVM (15.28) from orthogonal projectors in a larger space, a space FH(, ® Hl, of two 
spins 1/2. The auxiliary spin, B, is called an ancilla. We build the following orthonormal 
basis of entangled states in H, ® H,, a = (a, b,c): 


|@ 4p) de @0,) + | = [0 @ 1p) 
a =,/- |a = ; 
AB 3 IA B 3 IA B (15.32) 


IBaz) = [V4 ® 1,)- 


The orthogonality of the basis is easily checked by using the scalar products: 


(alb) = (ale) = (ble) = —5. 
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Let us call P,, a =a, b,c, the set of orthogonal projectors on the basis vectors (15.32): 


Py = |p) (Oaal, Pe = [Baz (Baal. 


and let us choose spin B in the state |0,), 9, = |0,)(0,|. Then we find for the POVM 
Q, and Q, 


2 
Q, =Trg(pgP,) = 3 lay) (a,|, 


(15.33) 


These equations give an explicit verification of Neumark’s theorem in this particular 
case: we have been able to construct the set {Q,} from a set of orthogonal projectors in 
Hy, @ Hp. 

Let us now describe a possible strategy to implement the POVM. Define the unit vector 
a in the xOz plane making an angle @ with the z axis such that 


and the spin states |~) and | — a) 


|“) = exp (-; a0,) |0), |—a) =exp (-; a0) \T}. 
The vectors |a@,,), @ =a, b,c, may be written in terms of |+i,): 


la) = |0,@ —ag), 
1 1 (15.34) 


Zi a Oa 7 |1,@0z), 


where the + (—) sign corresponds to b (c). To disentangle the states in the second line 
of (15.34), we use a basic component of quantum information, the control-U or cU gate, 
which has the following action in our particular case:’ 


cU|0, @0g) = |0,@0g), cUl0O,@1,) = |0,@ 1g), 
cU|1, @0,) = |1,@ig), CUl1,@1g) =|1,@ —Gp). 


(b/c) ag) = 


(15.35) 


In other words, cU leaves spin B unchanged if spin A is in state |0,), and it rotates 
spin B by an angle 6 if spin A is in state |1). The unitary operator cU is a nonlocal 
interaction: it is not a tensor product U, ® Uz. Let us apply cU to |a,,): 

1 
JZ 


(]0,) = |1,)) ® |p) =|, @ ap), 


cU|a,4g) = |04 @ —tg) = (|%, ® —itg) + | —% 4 ®@ —Hig)), 
i (15.36) 


cU|(b/c) az) = V2 


7 A cU gate leaves spin B unchanged if spin A is in state |0,), and it performs a unitary transformation |g,) > Ug|gg) on 
spin B if spin A is in state |1,). The cU gate generalizes the cNOT gate defined in (6.73), which corresponds to the choice 
Up = Opy. 
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Iya) 


1p) 


Fig. 15.1. Graphical representation of (15.36). 


where the states | +x) = (|0) +|1))/2 are eigenvectors of o, = (@-X) with eigenvalues 
+1. If we measure (a, -X) and (G,- i) after applying the cU gate (Fig. 15.1), the results 
of the measurements of the pair (a, -x;@,-i) lead to the following correspondence 
(0 and 1 refer to the values of the qubits measured along x or i): 


(0;1) and (1;1) > a, 
(0;0) > b, 
(1;0) > c. 


Let us show that a POVM can in some cases give better results than a von Neumann 
measurement, in the sense that the former allows a better discrimination between different 
states of system A when these states are not orthogonal. Assume that Alice sends Bob a 
sequence of particles of spin 1/2 which are randomly distributed with equal probabilities 
in the states |a,) and |b, ):8 


Ja.) =I), (os) =|) = Jo) +4 1. 


What is the best strategy that Bob can follow to tell with certainty whether a given spin 
was sent by Alice in state |a, ) or |b, )? Bob can perform a von Neumann measurement, 
by taking a Stern—Gerlach filter oriented along Z. If the spin is deflected upward, he can 
tell with certainty that spin A was in the state |b, ), and this occurs with probability 3/8. 
Thus, in 37.5% of the cases, Bob is able to decide with certainty between the states |a, ) 
and |b,). He can do better by performing a POVM measurement, as we are going to 


8 We choose |a,) and |b, ) rather than |a) and |b) in order to use the cU gate (15.35). 
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demonstrate. Bob entangles spin A with an ancilla spin B in the state |0,) using the cU 
gate (15.35). An easy calculation gives 


1. m 1 2 7 
CU RON By =o een aah = 
Z 1 : m he. : 1 , 2 
Stipa Oe ral. eae a a AYR ar eke UR) (15.37) 
. 1. ” 1. m 1 3 ae 
PU Pak OU p= = iy MACOMB 5 Fed O15) 5 I= tala 


If spin A is in the initial state |a,) =|1), then we find the following probabilities when 
measuring the pair (0, -X; Op: it): 


| 
pO; 0)=pUs0)= 5, p(0; 1) =p(1; 1) =0, 
while if it is in the state |b, ) = |—7,) we have 
1 1 
p(0;0)=0, pds0)=5, pO; 1)=pUs 1) = 7. 

Then, if Bob’s measurement gives (0; 0), he knows with certainty that spin A was initially 
in the state |a,), while if he measures (0; 1) or (1; 1) he can be sure that it was in the 
state |b, ). If he measures (1; 0), he cannot decide. This occurs in 50% of the cases, so 
that he is able to distinguish between the two states with a 50% probability, instead of 
the 37.5% in the case of a von Neumann measurement. The same results are obtained by 
using the POVM (2._, Q,, Q..) (see Exercise 15.5.2). It can be shown that this is the best 
result Bob can achieve: a general theorem states that optimal POVMs consist of rank-one 
operators.” 


15.2 Superoperators 
15.2.1 Kraus decomposition 


We have seen in the preceding section how an orthogonal measurement on a bipartite 
system whose state vector lies in a Hilbert space A(, ® H is translated into a POVM 
on A alone. In the present section, which is, as we shall see later on, closely related to the 
preceding one, we shall attempt to answer the following question: if a state of H, ® H, 
undergoes a unitary evolution U,, from t = 0 to ¢, what is the general expression for the 
(generally nonunitary) evolution of the state operator for A? The answer is provided by 
the Kraus representation, which we are going to derive. We assume that the state operator 
at tf = 0 is a tensor product, with p, = |0,)(0,| a pure state, a kind of “reference state”: 


Paglt = 0) = P4 @ Pg = Pa @ 0g) (Oa. (15.38) 


° E. Davies, IEEE Trans. Inform. Theory YT-24, 596 (1978). 
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We shall comment on this apparently very restrictive assumption later on. The bipartite 
system AB evolves during a time interval ¢ according to 


Pap(t = 0) = pag > Pap(t) = Ogg = Uae Pap(t = 0) Dias (15.39) 


where U,, is obtained by solving (4.17) in A(, ® Ag. In order to find the state operator 
p(t) =p’, of system A, we perform a partial trace (see Footnote 3): 


pas = >. etn Pa Ci as (15.40) 
Lb 


where we have made explicit use of the peculiar form (15.38) of the initial state operator 
Papg- The matrix elements of U,, are 


Om = (M4 @ bp|Ugg|N4 ®@ Vp)- 


Equation (15.40) can be written in operator form by introducing the superoperator M,, 
acting in A, through 


M, = (Mp|U 48/05). (15.41) 


Writing p’, = K(p,), (15.40) becomes (see Fig. 15.2) 


K (pa) = OM, Pa My. (15.42) 
wb 


The unitarity of U,, implies that the set of superoperators M,, obeys the completeness 
relation (note the order of the operators; >, MM; has no simple expression in the 
general case): 


> MEM,, = (0g|Ugales) (MelUael0n) = Lp. (15.43) 
BK Mb 


A=KC 4) 


2, t 
A~ U4 AU 


105) (Op 


(a) (b) 


Fig. 15.2. Graphical representation of unitary evolution (a) and the evolution (15.42) (b). 
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Equation (15.42) is the Kraus representation of p',. This Kraus representation, together 
with the completeness relation (15.43), defines a linear map p, — p!, = K(p,). The 
operator p’, obeys the three necessary conditions for being a bona fide state operator: 


(i) p’, is obviously Hermitian; 
(ii) Trp’, = 1 owing to (15.43); 
(iii) p’, is positive: indeed, with |w‘{) = Mila): 


(PalPalPa) = CG 41M,) aM lay) = Ve alealvs) >= 0. 
bu be 


Conversely, any Kraus representation (15.42) can always be derived from a unitary 
representation in some Hilbert space F(, ® Hz, as we now show. Let us choose as Fl, a 
Hilbert space whose dimension is at least the number of terms in (15.42), and let {|w,)} 
be an orthonormal basis in A(, and |0,) one particular vector of this basis. Define the 
action of U,, on the vector |g, ®0,), where |g,) is an arbitrary vector of H,, as 


UnzlO4 ®@ Og) = )0(M, @15)|¢4 @ Mz)- (15.44) 
wb 


Equation (15.44) describes a quantum jump: in the time interval [0, t], the AB system 
“jumps” from |g, ®@0O,) to a superposition of states M,,|~4) @ |wz). The operator U4, 
preserves the scalar product 


(Xi, @ mall M! @ Lo]) (HIM, @ Lollon® ve)) = Wal(SOMLM, )lea) = Wala), 


and therefore U,,, which is a priori defined only on a subset of (1, ® Hg, can be extended 
as a unitary operator on the full A(, ® H,. Taking a partial trace, we find 


Trs(Usale, @0z) (Pa @0,1Ui2) = M14) (G41M 1), 
wb 


so that any state operator p,, which can be written as )~; p;|¢',) (¢',|, transforms according 
to (15.42). We shall see later on that any “reasonable” evolution law for p, is of the 
form (15.42). Then the fact that one can always find a unitary representation (15.44) is 
somewhat surprising at first sight: in principle, at t= 0, systems A and B are entangled, so 
that assuming an initial state of the form (15.38) looks like a very restrictive assumption. 
But it seems that, for the purpose of describing the evolution of p,, it is always possible 
to find a model environment such that there is no initial entanglement between the system 
and its (fictitious) environment. 

Let us conclude this subsection by stating some general results on the Kraus represen- 
tation. As some of the proofs are rather technical, we shall omit them and refer the reader 
to the bibliography. One interesting question is the following: under what “reasonable” 
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conditions can the Kraus representation (15.42) be proved? A priori, it would seem that 
one should require that 


(i) X isa linear operation:!° 


K (Apa t+ bpp) =AK(p4) + HK (pz). 
(ii) K(p,) is Hermitian: 
K (pa) =[K(pa)I"- 
(iii) K is trace-preserving: Tr[K(p,)| = 1. 
(iv) K(p,) is a positive operator: K(p,) > 0. 


But condition (iv) is actually too weak. Suppose A is coupled to a system B and there is 
a third system @, totally uncoupled to A, of which we are unaware. If A evolves and C 
does not, then K'(p,) ®J¢ must be a positive operator. Thus K(p,) should obey not (iv) 
but the stronger condition (iv’): 


(iv’) K(p,4) is completely positive: K(p,)®Ic¢ = 0, for any system C. 


An example of an operator that obeys (i) to (iii), but not (iv’), is the transposition 
(Exercise 15.5.4) 


K(p4) = Pa- 


We can now state without proof the Kraus representation theorem: any operator 
p — K(p) in a space of dimension N which obeys the conditions (i) to (ili) and (iv’) 
can be written in the form 


K K 
K(p)=>°M,pM}, > >MiM,=1, (15.45) 


pB=1 p=l 


where the number of terms in the sum is bounded by K < Ni, with N, the dimension 
of H,; K is the Kraus number. There always exists an expression for K(p) with a 
number of terms < Nj, independently of the dimension of the Hilbert space H, of the 
environment, even if this dimension is infinite. 
The Kraus representation is not unique, but any two representations may be related 

through a unitary transformation: if 

K L 

K(p) = 0M, pM) = 9° N, PNi 
p=l p= 


then N,, is related to M,, by a unitary transformation: 


N,=>2U,,M,. 
Mb 


10 However, see, e.g., J. Preskill, Quantum Computation, http://www.theory.caltech.edu/~ preskill/(1999), Section 3.2 for a 
discussion; the arguments that nonlinear evolution should be excluded are not entirely compelling. 
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As some of the matrix elements Oi may vanish, the number of nonzero terms need not 
be the same in both decompositions: it may happen that K + L. 

Let us finally make the link with POVM by showing that a unitary transformation that 
entangles A with B followed by an orthogonal measurement on B can be described as a 
POVM. If a state |p, ®0,) evolves according to (15.44), then an orthogonal measurement 
on B which projects onto the {|,)} basis has a probability p(w) of finding result w 


p(H) = OTr| (U4 @ 1H) (HIM, 14 @»)(e4 @ 71M! | 


= (p4|M)M,|¢,)- 
Writing the state operator of A as p, = >-;)P;|Z) (i|, we find in the general case 
p(w) =Tr(2,p4), 2, = MIM, = 1 > 0. (15.46) 


Furthermore, >°,, 2, = doy M)M,, = I, so that the Q,, form a POVM. Conversely, let %,, 
be a set of Hermitian and positive operators which obey >°,, &,, =/ and p(w) = Tr (2%, p). 
A POVM which modifies the state operator according to 


p> p'=>/,0/2, (15.47) 


gives \/&,, as a special case of superoperator. Then, from the unitary representation 
(15.44), one can find a unitary operator U,, such that 


UnglP, @ 0g) = DV Fula @ Mp). (15.48) 
wb 


By performing an orthogonal measurement on B which projects onto the basis {|,)}, 
we obtain an implementation of the POVM. However, this is not in general the most 
economic way to proceed, because the dimension of Af, is at least K, the number of 
different POVMs. For example, in Section 15.1.3, we had K = 3, so that Nz = 3, while 
we were able to use an ancilla living in a two-dimensional Hilbert space, Nz, = 2. Thus 
we have (at least) two ways of implementing a POVM: (i) associate with A an ancilla 
B and perform a nonlocal measurement on AB; (ii) entangle A with B and perform a 
local measurement on B. 

Let us apply the notion of superoperators to three important examples of physical 
mechanisms leading to nonunitary evolution of a two-level system. In all three examples, 
conventionally called “channels,” a two-level system is coupled to an environment é, 
so that the unitary evolution takes place in a Hilbert space H(, ® H. In what follows 
we wish to think of B as an environment €: B— €. In the three examples we shall 
start from a unitary evolution in A(, ® H, in the form of quantum jumps, from which 
we shall derive the explicit form of the Kraus operators. Our three examples will be 
(i) the depolarizing channel; (ii) the phase-damping channel; (iii) the amplitude-damping 
channel. 

The terminology will be justified in each of the corresponding subsections. 
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15.2.2 The depolarizing channel 


In this example, A, has dimension N, = 4 and an orthonormal basis is formed by a 
reference state |0,,) and three states |i,,), i= 1, 2,3. The quantum jump (15.44) is assumed 
to take the form 


Une lP4 @ 0g) = V1—P [G4 @0z) +/2 [ (is @lr)|Pa @iz) |. (15.49) 


Therefore, the initial state |0,,) is unchanged with probability (1 —p), and a change 
|p,) — @;|~,), which occurs with probability p/3, is accompanied by a change |0,,) > 
|i). On comparing (15.49) with (15.44) we find 


M,=VJ1-pl, u,= 2, (15.50) 
These four superoperators obey the completeness relation (15.43) 


3 
> MM, = [a —p)I+3 = 7] =I, 
p=0 3 
where we have used a? = I. The state operator of the system evolves according to (15.45): 
po 
p> K(p) = (1—P)p + = D(ap9%). (15.51) 


i=1 


Let us write the Bloch form (6.24) of the state operator with a Bloch vector b (recall that 
b is the polarization in the case of a spin 1/2) 


= 5(149-8)=5 (1408). (15.52) 
The identities (3.49 ) for the Pauli matrices lead to the relation 
0,0 ;0; =20;6;;—9;, 
so that 
p= 5 (146-8), i = (1-2) b. (15.53) 


This transformation corresponds to a simple rescaling of the polarization by a factor 
(1 —4p/3): if the initial state is a pure state with polarization [b| = |, we see that the 
polarization is reduced from |b = 1 to |1 —4p/3|, hence the terminology depolarizing 
channel. Note that in all cases the norm of b is scaled down by a factor |1 —4p/3| < 1, 
and that the orientation of b changes if 3/4<p< 1. 


15.2 Superoperators 523 


15.2.3 The phase-damping channel 


In this case A(, is of dimension 3, and the unitary evolution (quantum jump) is assumed 
to be of the form 


Us5|04 @0,) ay L=p 0, @0;)+/p (0, @1,), 
Usell,@0z) = V1 —p |1,@0¢) + /P [14 @2z). 


Unlike the preceding case, system A does not make any transition. The Kraus decompo- 
sition is readily written from (15.44): 


(15.54) 


1 0 0 0 
M=V1-pJ, M,=,/p ’ M,=4/p ’ (15.55) 
0 O 0 1 
and the transformed state matrix is 


Po 9 Poo (1—P)po 
x(p) =(1-pyp+p( > ) =( (15.56) 
0 pi (1—P)Pio Pi 
We note that the operations affect only the coherences (the off-diagonal matrix elements 
of p), hence the terminology phase-damping channel. Furthermore, if we apply K twice 
we get 


K? (p) = K[K(p)] = ( (1 be (1 a Poi ) 


Assume now that the quantum jump takes place in a short time interval Ar, with a 


probability proportional to At: p =TAr < 1.!! Let us write t= nAt, n> 1, and make n 
iterations of K: 


1—p)"” —It 
K"(p) = Poo (1—P)"po = a Poi . (15.57) 
(1—P)"pio Pi Pie Pi 


The relaxation time of the coherences (the transverse relaxation time T, of NMR) is 
T, = 1/1. If the two-level system is prepared at t = 0 in a pure state which is a coherent 
superposition of |0) and |1) 


le) =al0)+5|1), po =1—-py= lal’, Po = Pip = 20"," 


then, after a time ¢ >> 1/T, the quantum state is transformed from (15.57) into an inco- 
herent superposition of |0) and |1): 


t >> 1/T: p(t) > |al*|0)(0| + |b/"|1) (11. 


As an application, let us give a heuristic discussion of the decoherence of a quantum 
superposition involving macroscopic systems. Let us identify |0,) and |1,) with the 
position eigenstates |x) and |— x) (or, more realistically, with narrow nonoverlapping 


'l Note that this is a rather bold assumption. In general, we expect amplitudes to be proportional to Ar if transitions take place 
toward a single state; see (5.62). One needs transitions to a continuous set of states, as in the Fermi Golden Rule (9.170), in 
order to obtain probabilities proportional to At. 
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wave packets centered at x and —x) of a “dust particle,’”’!” that elastically scatters photons 


initially in state |0,,). Scattering by the dust particle in state |x) (|—.x)) sends the photons 
into states |1,,-) (|2;-)), while the dust particle remains in its initial state. If the distance 2|.| 
between the centers of the wave packets is large compared with the photon wavelength, 
the states |1,,) and |2,,) will be approximately orthogonal, (1,,|2;,) ~ 0, because photon 
scattering is localized in space. We are therefore in the situation described by (15.54). If 
the dust particle is initially in a coherent superposition of the two wave packets 


le) = (lx) +1-2)). 
/2 
the coherence between the wave packets will be destroyed after a time ~1/I’. The 
relaxation rate I’ is proportional to the elastic cross section o. A rough estimate for 7 
is 0 « R* x M*?, where R is the radius of the dust particle and M is its mass. The 
decoherence time 7,,, is proportional to M~?/° 
1 1 
Tue rT % ype 

The decoherence time is much shorter than the damping time 7 characteristic of the 
motion of the dust particle, the time taken by the dust particle to change its momentum 
under photon scattering: Tj. < 7; as in Section 6.4.1, 7y,, is controlled by the scattering 
of one photon and 7 by the scattering of a large number of photons. This result has 
important consequences for the Young’s slit experiment: if the time taken by the particle 
to travel from the slits to the screen is larger than 7T,,,., no interference is possible, because 
the coherence of the two wave packets leaving the slits is destroyed before the particle 
arrives at the screen. “Which path” information is encoded in the environment. 

As we have seen in Section 6.4.1, a quantum superposition of two macroscopic states is 
called a Schrédinger’s cat. We have just seen that this Schrédinger’s cat is destroyed over 
a time ~ T,,,, and we are left with an incoherent mixture. The mechanism responsible for 
decoherence selects a preferred basis: photon scattering selects a basis of position states, 
because the photons scattered by different position eigenstates are sent into orthogonal 
states. Actually, it is not necessary that the final photon states be orthogonal. Assume, 
for example, that the states |1,,) and |2,,) satisfy (1,|2,,) = 1 —e; then the probability p 
would be replaced by p — ep and the decoherence time by Tyo. > € 7! Tdec: 


15.2.4 The amplitude-damping channel 


This is a schematic model for describing the spontaneous decay of a two-level atom with 
the emission of one photon. By detecting the emitted photon, we perform a POVM which 
gives us information about the state of the atom. The system is the two-level atom, and 
the environment is the quantized electromagnetic field. If the atom and the field are in 
their respective ground states |0,) and |0,), nothing can happen. If the atom is in its 


!2 A “dust particle” is large by microscopic standards and small by macroscopic standards. 
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excited state |1,) and the field is in |0,), there is a probability p that the atom emits a 
photon and is left in |0,). The unitary representation of the quantum jump then is 


U4,|04 @0;) = 0, @0z), 
Use lly @0,) ey Lp |1,@0-)+/p |0, @ 1,). 


where |1,,) is a one photon state. 
The Kraus operators from (15.44) are 


m= (4 ro) m= (4 ae (15.59) 


and p’! = K(p) is given by 


(15.58) 


(15.60) 


x =( 1+(U—p)py V1I—P po ) 


VI-Pppyo CU-P)pn 


As in the preceding example, we take p = [At < 1, At =¢t/n, and make n iterations of 
a: 
n 1+(1—p)"p,, (1—p)”” po, l-e"™ eT 
K"(p) = ( = ( Pi Poi 


. (15.61 
(1—p)"” pio (1—p)"py, a py, 2 py ) ( ) 


In this model, 7, = 27, = 2/1, which explains why we chose [ and I’/2 as the relax- 
ation rates of populations and coherences, respectively, in the optical Bloch equations 
(14.82)-(14.83). 

In contrast to the preceding example, where we could not envisage detecting the photons 
scattered by the dust particles, it may be possible in the present case to detect the emitted 
photon. A coherent superposition of the two atomic states evolves as 


(a|0,) + b|14)) @|0¢) > (al0,) +bY1—P |14)) @|0¢) +. b/P |0, @ 1,). 


If we detect the photon, we know with certainty that the initial state of the atom was 
|1,). If we detect no photon, then we have prepared the (unnormalized) atomic state 


al0,) +b 1—p |1,). 


The atomic state has evolved owing to our failure to detect a photon! As we have seen, a 
unitary transformation which entangles A and €, followed by an orthogonal measurement 
on €, can be described as a POVM on A. From (15.46), the POVM are K, — MiM,, Ne) 
that 


: 1 0 ; 0 0 
Ry = Mi My= (4 mals z, = MIM, =() a) (15.62) 


and p(w) = Tr(&,,p,) if the atom is initially in the mixed state p,. 
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15.3 Master equations: the Lindblad form 
15.3.1 The Markovian approximation 


The system of Bloch equations (15.5), which we wrote down from heuristic arguments, 
is typical of what is called a master equation: the time evolution of the state operator is 
given by a first-order differential equation in time, or, in other words, the evolution is 
local in time. For example, the optical Bloch equations (14.86)—-(14.87) are equivalent 
to (15.61) if we ignore the unitary part (—i/h)[H, p]| of the evolution, since (15.61) may 
be written as 


dp = - ( —2pi,(t) poi (t) (15.63) 
dt 2 Pio(t) 2p, (t) 
It is readily checked that (15.63) can be cast in the form 
dp OT 
SS [20, po_—{o_o,, p}], (15.64) 


where a, = (a, tio,)/2,'° and {A, B} denotes the anticommutator of two operators A 
and B: 


{A, B} = AB+ BA. (15.65) 
Actually, one can readily supplement (15.63) by a unitary evolution as in (15.5): 
d r 
= =~ pl 0+ 2a po_—{o o,, ph]. (15.66) 
For later purposes, it will be useful to introduce the interaction picture: 
p(t) =2 e'4o!/F 5(t) g vee. 


; (15.67) 
a,() =e" oe Mol — eH Gg. 
where Hy is the free Hamiltonian (15.1). Equation (15.66) is an example of a master 
equation in the Lindblad form, of which we now give a general derivation. 

In the preceding example, we have been able to go from the Kraus form (15.45) to 
the master equation in the Lindblad form (15.66). However, our derivation depends on 
the crucial (and strong) assumption that the probability p is proportional to At. In the 
general case, it is far from obvious that it is possible to obtain a differential equation 
for the nonunitary evolution of p(t), because we expect memory effects to be present 
(a priori, a local time evolution can be valid only for p, not p). Information flows 
from the system to the environment, but, conversely, information also flows from the 
environment to the system. Schematically, an equation with memory effects has the form 
of an integro-differential equation which is nonlocal in time: 


dp Fe 
—=- t—t’)p(t')dr’, 15.68 
Taf ve-#)0() (15.68) 


'3 Beware of the fact that Nielsen and Chuang [2000] use the opposite convention for a,. We have chosen a convention 
consistent with the definition (10.4) of the angular momentum operators J, and which is moreover consistent with that of 
field theory, since a, (o_) is a positive (negative) frequency operator like a (a'); see (11.67). 
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where y(t—t’) is the memory function, or memory kernel.'* If the characteristic relaxation 
time 7, of y(t—1t’') is much smaller that the typical evolution time 7 of p, T, <7, we 
may write (15.68) in the approximate form 


P= —pt) [year =A, (15.69) 


and we obtain a master equation. The short-memory approximation in (15.69) is also 
called the Markovian approximation: dp/dt depends only on p at time ft, and not on 
its value at earlier times ¢/ < t. The Markovian approximation will hold if there are 
two widely separated time scales: 7, the typical evolution time of p, and 7,, the typical 
relaxation time of the memory function, with Tt, < 7. The assumption of two widely 
separated time scales is a very common one in nonequilibrium statistical mechanics. 

Let us examine the conditions under which we may hope to derive a master equation 
from the Kraus representation. The first step is to use a coarse-graining approximation 
with a typical time At which obeys 


1, <AtKr. (15.70) 


Assuming this condition to be valid, we write the Kraus representation for the evolution 
between ¢ and t+ At as 


dp, Ap, 1 1 
Fe at = ze leale+ 49 — 040] = [Kursailea() — Pa]: 


In order to derive a master equation, we need to satisfy two conditions. 


(i) The state operator of the bipartite AE system must factorize: p,,(t) ~ p,(t) ® p(t). This 
condition is needed to write the Kraus representation at time t+ Af. 
(ii) The superoperator X;,,,,,, must depend only on Af, and not on f. 


Further comments on these conditions will be made in the next section, in the context 
of a specific model for € and its interaction with A. A general statement is that both 
(i) and (ii) are valid provided |V|7,/h << 1, where |V| is a typical matrix element of the 
AE interaction. 


15.3.2 The Lindblad equation 


Let us assume that conditions (i) and (ii) hold. Then we can write, from (15.45), 


Ks,[p4(t)] = 92M, (At)pa()M, (Ad), (15.71) 


and [K,,[e4(t)| — p4()] is first-order in Ar: 


Ky(Pa(t)) = pat) + O(AD). 


'4 Tn general, (15.68) takes a matrix form, and some additional terms are present; see the references in “Further reading.” 
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It follows that one of the M,> which we call by convention Mj), must have an expansion 
of the form 


M(t) =1,+ (-;# _ K) At+ O(AD)’, (15.72) 
where H and K are Hermitian operators. Then the first term in (15.71) reads 
My(At)pa()Mi(A0) = p(t) “1H, pal AUK, py} +O(AH", (15.73) 
(see (15.65)). The other terms in (15.71) must be of order At 
M,,(At) = L, Vt, (15.74) 
and the completeness relation in (15.45) leads to 


I, = MM) + >> MIM, =1,—2KAt+ (= Lt) At 


p>0 p>0 


which implies 
> Ee tia (15.75) 
2 f50 


Combining (15.71), (15.73), and (15.75) and from now on suppressing the subscript A, 
we find the Lindblad equation for the state operator p of A: 


dp 
dt 


-+1H, p]+>) (1,013, — I= 3 (K.p}). (15.76) 


p>0 


The operators L,, are the quantum jump operators. They describe how the state of A 
is modified by an orthogonal measurement on the environment. Provided the LwS are 
bounded operators, the Lindblad equation is the most general (Markovian) master equation 
which preserves the positivity of the state operator. 

It is instructive to rederive the Bloch equations (15.64) from the Lindblad form (15.76). 
Using the expressions (15.59) of M, and M, for the amplitude-damping channel, we can 
write M, and M, in the form 


1 0 0 JTAr 
m=( 4 ime) m=(5 0 } 


or, in terms of Pauli matrices, 
TAt 
M,=!I- a 9-%4 M,=vTAto,. 
The operators K and L, then are 


r 
K=50_0,, L =vT o,, (15.77) 


and we recover (15.64). 
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15.3.3 Example: the damped harmonic oscillator 


Consider a harmonic oscillator coupled to the quantized electromagnetic field, assuming 
for simplicity that the system is at zero temperature; the case of nonzero temperature 
will be dealt with in Section 15.4.3. If the oscillator is initially in an excited state, it 
can only cascade down due to spontaneous photon emission; it cannot absorb photons, 
as no photons are available at zero temperature. Hence there is only one quantum jump 
operator L,, which must be proportional to a (recall the analogy between the annihilation 
operator a (11.6) and a; see Footnote 13): 


L,=VT a. (15.78) 

Then by inspection we can write down the Lindblad equation, by comparison with (15.66): 
dp i 1 ‘i : 

am —= [Hp. p]+5 0 |2apa —{a'a, p}], (15.79) 


where Hy = hw a‘a is the free Hamiltonian. In this derivation, we missed the radiative 
renormalization of the energy levels of the harmonic oscillator due to the interaction 
between the oscillator and the quantized electromagnetic field, which is an example of a 
Lamb shift, computed explicitly in Section 15.4.3. Moreover, a full derivation of (15.79) 
shows that it is only valid under the condition << w . This condition allows us to ignore 
the coupling between matrix elements of the state operator that evolve with different 
eigenfrequencies, for example the coupling between populations and coherences. We get 
rid of the commutator by going to the interaction picture (compare with (15.67)): 


a(t) = elfot/h gq e—iHot/h = ae 10" | 


15.80 
a’ (t) — gitot/h gt g—iMot/h — gigivot ( ) 


whence 
ee tLe 1 
—=T apa — 5 (aa. | = apa’ - 5{a'a.3)| : (15.81) 


Here we have used (15.80) to obtain the second expression. In the absence of damping 


(T= 0), the average value of the operator 
a= e tHot/h a eiHot/h 


is time-independent. If [ 4 0, from (15.81) we derive the evolution equation for its 
average value: 


d d d : d p 
ra) = a (ap) = ap (der per creas (ap) =Tr (<2) , 


while from (15.81) 


dp FE P % ‘ 
Tr (<2) — 3 lt [2a°pa' —aa' ap —apa'a] 
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so that we find the decay law 
(a(t)) =e"? (a(t =0)). (15.82) 


An analogous computation shows that the average occupation number n(t) = (a‘a) decays 
with a relaxation time 1/T: 
n(t) =e" n(t =0). (15.83) 


As shown in Exercise 15.5.7, if the initial state of the oscillator is a coherent state 
(Section 11.2) |z) at t= 0, time evolution leads to 


(z) =a |ze7of @T/2 


so that the coherent state does not become entangled with its environment, although it 
decays slowly (T < wy) toward the vacuum state. However, if one starts from a coherent 
superposition of coherent states |z,) and |z,) 


a 
V2 


as shown in Exercise 15.5.7, the off-diagonal terms of the state matrix decay as 


|) = a (z1) +1z2)), 


| 2 
exp 75 Fle —2,|"t}. 
The decoherence rate I’. is much larger than the damping rate T if |z, — z,|* >> 1: 
1 
Mace = 5 Plz1 — Za. (15.84) 


It is proportional to the square of the “distance” |z, — z,| between the two coherent states. 


15.4 Coupling to a thermal bath of oscillators 
15.4.1 Exact evolution equations 


In order to derive more detailed properties of the master equation, in this section we 
choose specific models for the system and the reservoir: in Section 15.4.3 system A will 
be a two-level system, in Section 15.4.4 it will be a Brownian particle, and in both cases 
the environment will be modeled by a large number of uncoupled harmonic oscillators 
in thermal equilibrium at temperature 7. In deference to the standard terminology of 
thermodynamics, the environment will be called the “reservoir”: € — R&R. Our reservoir 
is thus a thermal bath of harmonic oscillators, whose Hamiltonian Hp is 


Hp => ha,a\a,. (15.85) 
Xr 
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It is important that the frequencies w, form a quasi-continuuum in a large frequency 
interval ~1/7,. The state operator of the uncoupled reservoir is given by the Boltzmann 
law (1.12): 


e—He/kpT 


We shall need the following equilibrium average values, which are immediately derived 


from (15.86): 


(a,) =(4,) =0,  (aja,) = m8, (a,a},) = (m+ D8, (15.87) 
where the average occupation number n) of oscillator A is (see (1.20)) 
1 
Ny (15.88) 


= eho/kgT _ 1 : 
The system-reservoir coupling V is assumed to be of the form 


V=AR, R=R'=)(g,a,+8%4)), (15.89) 
A 


where A = A’ is an operator acting in H(, and the total Hamiltonian Hp is 
The evolution equation for the state operator, first written in the Schrédinger picture 


dp i 
a = - [Hairs Parl: 


is transformed into the interaction picture, defined as previously by 


path selt page tn, 


In this picture the evolution equation reads 
dp ar 

dt 
where A(t) and R(t) are given by! 


=—1[V(1), Ban =—* AOR, Bar) (15.91) 


A(t) = elit! A guitrt/h — gitlat/h 4 g-iHlat/h 

| ; | . , , 15.92 
R(t) = eltrt/h Re iH t/h __ etArt/h Re iHgt/h __ Se (g,a, e eat + g,a) e1") : ( ) 
A 


The last expression in both lines of (15.92) is valid because Hp (H,) does not act on the 
degrees of freedom of A (&). The quantity that will play a central role in what follows 
is the equilibrium autocorrelation function g(t’) of R(t): 


g(t) = (RIDR(t—1')) = (R(L)R(O)), (15.93) 


'S We have suppressed the tilde to simplify the notation. 
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where the average (e) is taken with respect to the equilibrium state operator (15.86) of the 
reservoir. From time-translation invariance at equilibrium, g depends only on ¢’ and not 
on ¢t and fr’ separately (hence the second expression in (15.93)), while from the Hermiticity 
of R we have g(t’) = g*(—1?’). The autocorrelation function g(t’) plays a fundamental role 
in linear response theory,'® where it is customary to write its real and imaginary parts 
C(t’) and —y(t’)/2 separately: 


/ | / 
Cir).= 5 ({R(t'), R(O)}), (15.94) 
/ i / / 

XE) = 5 IRE), RO) EE), (15.95) 
where the second line contains a step function 6@(t'), because we are interested only in 
the case t/ > 0. The function x(t’) is called the dynamical susceptibility of the reservoir. 
In linear response theory, one shows that if the reservoir is submitted to a perturbation 
—f(t)R (in the Schrédinger picture), where f(t) is a classical function, then, to first order 
in f, the nonequilibrium average R(t) is 


R(t) = f dr’ x(0) f(r"). (15.96) 


As a consequence, if f(t’) = f0(—1’), that is, we have a constant perturbation —fR 
for ¢’ < 0, the return to equilibrium [f(t’) = 0] is governed by the equilibrium time 
fluctuations, a result known as the Onsager principle. 

Using (15.87) and (15.89), it is easy to derive explicit expressions for g(t’), C(t’), and 
X(t’): 


a(?’) = ¥ lex? [me + (my +e], (15.97) 
Xr 
C(t’) = Vi lgal’(2n, + 1) cos a,t, (15.98) 
Xr 
; 20(t') : : 
X(t) = —— Di lgal sin agt’. (15.99) 
Xr 


We observe that the dynamical susceptibility does not depend on the state of the reservoir: 
it is independent of n,. Because the reservoir is large and because the frequencies w, are 
closely spaced in a frequency interval ~1/7,, we expect the correlation function to decay 
with a characteristic time T,: 


Ig) ~ el. (15.100) 


Indeed, g(t’) is a superposition of a large number of complex exponentials oscillating at 
different frequencies, and these exponentials interfere destructively once |t’| = 7,. 


'© See “Further reading” for references on linear response theory. In these references, the “interaction picture” is called 
“Heisenberg picture,” because coupling to another quantum system is not of interest. 
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Having examined the properties of the autocorrelation function, we may now revert to 
the evolution equation (15.91), which can be written in integral form as 


Parl) =Pae(0)— > fat [VO"), Baal?) 


We iterate this expression once 
7 Ue ees ee 
Parlt) = Par) — > [at [VO"), Pan] 


1 : / . ” / 1 ~ ” 
-= | dt / dt” [Vit’), [V(t"), Dart’), 
h? Jo 0 
and differentiate with respect to ¢ to obtain 


dp ar 
dt 


i 1 t : mf 
=~ [Vi), Par] — 5 i dt'[V(t), [V(t’), Bar(t’)]]- (15.101) 
As usual, we assume a factorized form for p,p(t = 0) 


Par(t = 0) = p(t = 0) ® pa(t = 0), (15.102) 


and take the partial trace over the reservoir degrees of freedom. Then the first term 
in (15.101) gives (Exercise 15.5.6) 


Tre[V(t), Pa(0)] = [A(t), p4(0)| Tre(R()pe) = 9, 
where we have made use of (15.87). Under the factorization assumption (15.102), we 
finally obtain an exact equation for the state operator p,(t) = p(t) of system A: 


== [av Tra ([V00. 1100). Ban). (15.103) 


15.4.2 The Markovian approximation 


The derivation of a master equation from the exact equation (15.103) relies on the 
following crucial assumption: for all times ¢’ that are relevant for the integral in (15.103) 
(and not only for t = 0 as in (15.102)!), we can use for p,,p(t) a factorized form similar 
to that in the initial state (15.102): 


Par(t) ~ p(t) @ pr(t = 0). (15.104) 


There are two different points to be emphasized in explaining the physical origin 
of (15.104). 


(i) All the system-—reservoir correlations which arise from third- and higher-order terms in V are 
neglected. 

(ii) The modifications to the state of the reservoir induced by its coupling to the system are 
neglected. 
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Both items (i) and (ii) are physically reasonable if the reservoir is much “larger” than 
the system A: the back action of the system on the reservoir and higher-order terms in 
the perturbative expansion may be neglected. One can indeed show that the true small 
parameter in an expansion in powers of V is |V|7,/h, where V is a typical matrix element 
of V. The condition for the validity of (i) and (ii) is then |V|t,/h « 1." In particular, it 
can be shown that 


a(t) Pal) @Pa(0)|=O( I) . 


Plugging (15.104) into (15.102), we obtain an equation of motion for p which depends 
only on A and g (Exercise 15.5.6): 

dp A ; / ! Ned ! I\a ! 

7; al dt’ ot AG =e) A= A] ~A()A(t—t pr—r)| 4+Hc., (15.105) 

0 

where H.c. = Hermitian conjugate and we have made the change of variable t’ > t—1’. 

Equation (15.105) is still an integro-differential equation containing memory effects, 
and not a master equation. To obtain a master equation, we note from (15.100) that the 
times t’ which contribute significantly to the integral are bounded by 7,, t/ < 7,. Hence 
the difference [p(t — t’) — p(t)] is bounded by 

a oe [V\r. 
aor) pin s0( 7), 
and we can replace p(t’ — ft) by p(t) in a manner which is consistent with the preceding 
approximation: the error is of higher order in the small parameter. In this way, we have 
justified a Markovian approximation, and p is given by a first-order differential equation. 
Taking ¢t > 7,, we can send the upper limit in the integral to infinity and write 
dp I as / / I\ ~ I\ = 
= = =a) dt’ g(t AG = POA] ~ A(1)A(t—1 pC) | 4+He. 

Actually, this equation can be derived from perturbation theory limited to second order. 
It is convenient (but by no means necessary) to revert to the Schrédinger picture and to 
write the master equation in its final form: 


i 


1 : : 
=— > [Hap] + <5 (WeA+ Apw" — AWp — pW'A), (15.106) 


where the operator W is given by 


w=/ ” (1) A(—1)dr’. (15.107) 


'7 See C. Cohen-Tannoudji, J. Dupont-Roc, and G. Grynberg, Atom—Photon Interactions, New York: Wiley (1992), Chapter IV 
for a detailed discussion. 
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We see that the characteristic evolution time of p is 


he kX? 
7~ Rr, (mz) fee Te 


The characteristic time 7 is even much larger than the “natural time” h/|V|, which one 
would expect if A were coupled to a single mode of the reservoir: 
h2 


Zhz (15.108) 
i, — K<T~ ——. : 
"|? |V 7, 


The effective coupling is reduced owing to the fact that A is coupled to a large number 
of independent modes, a phenomenon called motion narrowing. 


15.4.3 Relaxation of a two-level system 


Let us now apply the preceding results to the case where system A is a two-level system 
coupled to a thermal bath of independent harmonic oscillators: photons, phonons... The 
free Hamiltonian H, of the two-level system is now H, (15.2) 


h 
H,=Hy=-— "0, (15.109) 


and our goal is to understand its relaxation properties. The system—reservoir interaction 
V must be able to induce transitions between the two levels, and a possible choice is 


V=0,R=0, (ga, +8ia)). (15.110) 
A 
Thus A = o, = (0, + 0_). The operator W (15.107) acting on the two-level system is 
W= [ s(t’)A(—?) dt’ = G,(@)o, + G_(@,)o_, (15.111) 
with 
Giloje6-ay= } * o(t/)e*o" ar’, (15.112) 


where we have used (15.67). Plugging (15.112) into (15.106) and using 0% = 0” =0, we 
obtain 


aE ae 
— = -W)|~d., 
df 2 MnP 
+(G.+Gi)o,po_—G,0_0,p— Gi po_o, (15.113) 


+(G_+G*)o_po,—G_o,0_p—G* po,o 


+(G,+G*)o,po0,+(G_+Gi)o_po_. 


Using the invariance of the trace under cyclic permutations, we can check that the 
equation has been written in such a way that each of the first three lines in the right- 
hand side has zero trace. The fourth line does not contribute to the evolution of the 
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populations (Exercise 15.5.8), only to that of the coherences. But even this contribution 
to the coherences may be neglected in the rotating-wave approximation, using the same 
argument as in Section 14.4.1: in the interaction picture, 0,.(t) ~ exp(-+fiwf), and the last 
term in (15.113) varies as exp(+2iwof). It is rapidly oscillating and assumed to average 
to zero. This is a general result: if the relaxation terms are written as 

dp; 3 & 

oo YijkIPki> 
dt fo” 
it can be shown that the coefficients y;,;,, can be neglected if |@,; — @,)| >> T, ha;; = 
E,-E a This is called the secular approximation, and it allows us to justify the form 
of the Bloch equations (15.6). 

Let us compute G_.(@,)) explicitly: 


i i 
G,(@,) = 21 (i, +1 ————— +n ——s): 
+(@o) 28a (« A Ya 20 wy +o, +in 


. é (15.114) 
—i pare | 
G = 2 _——___ Li ——_——_—_—— } 
_(@) dsl (un +4 ——— ) 
where 7 — 0*. Using the standard formula 
i P 
=i 4 78(x), (15.115) 
B geal x 
where P denotes a Cauchy principal value, for G,.(w 9) we find 
| ; 
G,(@) = > = lies 
= 2 — 
Tr, = 2m Dla (n, + 1)8(w — @,), (15.116) 
P P 
A,=- *((n, +1 +n ) ; 
+ dsl (« A ioe wy ta, 
while G_(@,) is given by 
1 ; 
G_(@)) = T_ —* iA_, 
2 
— 2 — 
= 2a Yigal n,8(Wy — @)), (15.117) 
A =-— 2(n +(n,+1 } 
Ela ( oa tt 


18 See C. Cohen-Tannoudji et al., Atom—Photon Interactions, New York: Wiley (1992), Chapter IV for a detailed discussion. 
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Substituting the two preceding equations into (15.113) and making use of 


1 1 
v,0-=5(Ito), 00,=5(1-o,), 


we obtain the final expression for the master equation in the Lindblad form: 


dp i 
= iu) +A) [0., 0] 
1 
3 I, (20,p0_—{o_¢,,, p}) (15.118) 
ii 
as T_(20_po0,—{o,c_, p}). 


The two quantum jump operators of the Lindblad equation are 


IT IT 
Le = a Oe LS Os (15.119) 


The energy shift A (or Lamb shift) 


P P 
A=A -A,=P len +1) ( + ) (15.120) 
Av 


Wy—-@, Wt) 


represents the radiative correction to the energy-level difference w, due to the interaction 
of the two-level system with the thermal bath of oscillators. Equation (15.118) general- 
izes (15.64) obtained at T = 0, where only spontaneous emission was taken into account 
and the Lamb shift could not be computed. At nonzero temperature photon absorption 
must also be taken into account: the relaxation rate I’, describes the transitions |1) — |0) 
and T_ the transitions |0) — |1) (Fig. 15.3). It is easy to check (Exercise 15.5.8) that 
I’ =I, + I_ is the relaxation rate for the populations, while that for the coherences is 
['/2: the relation T, = 27, also holds at nonzero temperature. In the same exercise, it is 


Fig. 15.3. Transition rates , and I_. 
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shown that in the long-time limit the populations of the levels |0) and |1) are given by 
Boltzmann’s law (15.3), with temperature T equal to that of the thermal bath. This is a 
quite satisfactory result, as it shows that the system is in equilibrium with the bath in the 
long-time limit. The total width [ is given explicitly by 


2 
Para = Y laal?2ny + 1)8 (lie) — hen). (15.121) 
A 


This provides a nice check of the calculation, as (15.121) can be written in the form of 
the Fermi Golden Rule (9.170): 


27 
P= i |g(@) |? (29 +1)D(hay), 


where D(hw,) is the density of states of the reservoir. The ratio I, /I_ is given by a 
Boltzmann law 


ry. = eho/kgT 
T_ 


The master equation (15.118) allows us to write by inspection (recall the correspondence 
a—>0,, a' — a_; see Footnote 12) the T 4 0 generalization of (15.79), which gives the 
master equation for a harmonic oscillator coupled to the quantized electromagnetic field 
at nonzero temperature: 
dp 1 I t t I t t 
— =——[H), p]+ ~T,[2apa‘ — {a‘a, p}]+ =T_[2a'pa— {aa’, p}]. (15.122) 
dt h 2 2 
Detailed derivations of the preceding equation can be found in textbooks on quantum 
optics (see “Further reading”). 


15.4.4 Quantum Brownian motion 


Our last example will be that of a heavy free particle with mass M coupled to a thermal 
bath of harmonic oscillators with masses m, and frequencies w,. This is a typical situation 
for Brownian particle motion. A heavy particle interacts with a thermal bath of light 
particles (molecules), and one may identify two widely separated time scales: the time 
scale 7, for the bath and the time scale 7 for the motion of the heavy particle, with Tt, << T. 
The full Hamiltonian Hp is assumed to have a translation-invariant form 

Pe Pe 


1 
Hap = +> + = Emo (X-X,)’, (15.123) 
2M * ir 


2m) 


where (P, P,) and (X, X,) are momentum and position operators for the particle and 
the oscillators. For the sake of simplicity, we have limited ourselves to one-dimensional 
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motion, without losing any essential physics. The decomposition (15.90) of Hyp 
reads 


P2 
Hy= (15.124) 
Pe ey : 
A Hs i 
1 , + 
V= 54x +XR= Her +X|—-Yraa(a,+a})], (15.126) 
Xr 


with g, = V/hm,}/2, kK = >>, m,@}, and CT standing for “counter-term” for reasons 
to be explained below. The operator A is therefore to be identified with the position 
operator of the Brownian particle, and we have neglected the zero-point energy of the 
oscillators. It may appear that translation invariance has been broken in (15.126), but this 
is of course an artefact of the decomposition: as we shall see later on, the contribution of 
the translation-noninvariant counter-term 


1 
Hey = 5 KX? (15.127) 


is canceled by another contribution from the interaction. It will be convenient but by no 
means necessary (see the comments following (15.142)) to work in the high-temperature 
limit where (15.88) becomes 


keT 


m~n+i~s > 1. (15.128) 


aN 


We recall that the frequencies w, are assumed to be closely spaced in an interval ~1/7,,, 
so that the sums over A can be replaced by integrals over w. It is convenient to define 
the spectral function J(@): 


Kw) = + Dleal?8(o—«,) = 5 dom, @33(0— 0). (15.129) 
x Xr 


From (15.98), (15.99), and (15.126) we find the expressions for the real and imaginary 
parts of the autocorrelation function g(t’): 


Uk,eT pod 
C(t’) = — / ce Jc) cos wt’, 
id ‘a (15.130) 
ga / ia Tener | 
= — ot =— —. 
a T Jo kpT dt’ 


In order to proceed further, we must now choose a specific form for the spectral function 
J(w). The typical frequency scale for J(w) being w, = 1/7,, we choose J(w) to vanish 
for w > w,: w, plays the role of a frequency cutoff. The most convenient model for 
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analytic calculations is that of Caldeira and Leggett,'? where J(w) is linear for w < w, 
and vanishes for w > ,: 


J(w) =Myo, 0<w<a,, 
(15.131) 
J(w) = 0, oO>w 


*? 


The coefficient y has the dimension of a frequency, and will be interpreted physically as 
a friction coefficient, as in the equation of motion (14.104) ) = —yv. We expect that the 
results do not depend qualitatively on the exact shape of J(@), the only important feature 
being the existence of a high-frequency cutoff w,. In Exercise 15.5.10 it is shown that 
equivalent results are obtained using 


Jo) = Myo ( a ) 


w* + w? 


With the choice (15.131), C(t’) has a simple analytic form: 


Aa 
Cf) = 2k, Tuy 


(15.132) 


Tt’ 


The function sinw,t’/at’ has a peak of height w,/M and width ~1/w, = 7, at t/ = 0, 
and it becomes a delta function in the limit w, — oo. We shall call 6,(¢’) a smeared delta 
function of width 7,. With this notation, the autocorrelation function reads 


g(t’) = 2Myk,T6, (t') + ihM yd) (t') = 2D6,(t') + ihM yd) (r'), (15.133) 
where we have used Einstein’s relation (14.113) linking the momentum diffusion coeffi- 
cient D to y and T, D= Myk,T. 


After these preliminaries, we are now ready to give an explicit form for the general 
master equation (15.106), which in the present case becomes 


d if P? itt 1 
Fe = 5 | ye |— 5 | pak] — pe (OX + XW — XWp—pw"X), (15.134) 


W= i ” o(t)K(—2) dr’. (15.135) 
0 


The operator X in the interaction picture is given by 


og iP?¢ ie Pt 
Xft): = exp TEE X exp Sak ah as (15.136) 


' A. Caldeira and A. Leggett, Path integral approach to quantum Brownian motion, Physica 121A, 587 (1983). 
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a result which is immediately derived from (8.67). The term proportional to D on the 
right-hand side of the master equation involves the integral 


ae 80) | (X= FF) e@x+x0 (x- FF) 
—X (x - a) p(t) — p(t) (x- a) x ar 


Owing to the narrow width of 6,(t’), the terms proportional to Pt'/M are negligible and 
we are left with the double commutator 


-a1x, [X, p(t)]]. (15.137) 


The term proportional to My is 


ae [8.00] (x= 57) ex + x00 (x- 7) 


(15.138) 
Pt Pr : 
-x(x-7) p(t) — pn (x- ) x er. 
M 
The two integrals that we need are 
* 1 (44\4! Al 1 
(i) | Sr) dt = —5, 
: (15.139) 


= Sa d /sing,t' w 
ii 5 (t' d= | dr’ — —)=-—. 
ay [amer= [To (AR)=-3 
Equation (15.138) can be written as a sum of two terms. The first one, which depends on 


(i), is 


i 
x alee {P, p(t)}], (15.140) 
and the second one depending on (ii) is 
iM 
— [x?, p())==|= = «X?, o(t)|, (15.141) 
Th h 


because in the Caldeira—Leggett model k is given by 
a: 
K=Dmet== [A w= 
5 7 Jo 


Then the term in (15.141) exactly cancels the contribution of H.; to the evolution of 
the state operator. Collecting all the contributions to dp/dt, we finally obtain the master 
equation describing the quantum evolution of the Brownian particle: 


2Myo,, 


: 5 p(t |-5 =X {P, p(t)}]— aX X, [X, p(1)]]. (15.142) 
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Equation (15.142) is one of the basic results in the theory of open quantum systems. It 
should be observed that this equation is not of the Lindblad form, although it preserves 
the positivity of the state operator. The first term gives the unitary evolution of the wave 
packet, the second one describes friction, and the last one governs decoherence, as we 
shall see in detail in the next subsection. A Fokker—Planck equation for the probability 
distribution of p can be derived from (15.142); see Exercise 15.5.11. 

Since the model defined in Eq. (15.123) is linear (that is, its classical equations of 
motion are linear), it can be solved exactly without taking the high-temperature limit. 
This is done in practice using path-integral methods. One can even put the Brownian 
particle in a harmonic potential well with frequency ©. The exact solution at time ¢ is 


d Ol ie cay eee 
7 = -> lsat pmo Ce pt] - MOT, {P, p(t)}] 
-22 (x. [x ool] - AP 1x. Fol 


We note the presence of a fourth term, called anomalous diffusion, which is negligible in 
the long-time limit tf > oo. The functions Q(t), y(t), D(t), and f(t) are given by integrals 
which must, in general, be computed numerically. In the long-time limit which has been 
taken in (15.142), analytical evaluation of the integrals is sometimes possible. 


15.4.5 Decoherence and Schrédinger’s cats 


The preceding results are of the utmost importance, because they exhibit precise mecha- 
nisms for decoherence. A Brownian particle is a large object by macroscopic standards, 
and by constructing a quantum state of the particle which is a coherent superposition of 
two nonoverlapping wave packets we exhibit an example of a Schrédinger’s cat. To be 
specific, let us assume that at t = 0 we have a coherent superposition of two Gaussian 
wave packets centered at x = +a and having width o <a, so that the overlap of the two 
wave packets is negligible. The initial wave function of the Brownian particle then is 


(x) ~ - ee (exe[- Cao) +exp| ae)) (15.143) 


The Fourier transform @(p) of (15.143) is readily computed and the momentum proba- 
bility distribution |Q(p)|* is found to be 


Disp: 
aE exp (- — ) cos — (15.144) 
|(p)|? is a Gaussian of width ~h/o modulated by fast oscillations of period mh/a « 
h/o. These oscillations originate in the coherence of the two wave packets in (15.143). 
Before exploiting (15.142), let us give a qualitative physical explanation for decoherence. 
The Brownian particle undergoes a large number of collisions with the light particles 
(molecules) in the thermal bath. Because of these collisions the particle follows a random 


|o(p)? = 
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walk in momentum space” with a diffusion coefficient D (14.113), and the momentum 
dispersion Ap is 

Ap* = 2Dt. (15.145) 


Each of the peaks in |@(p)|? is broadened under the influence of collisions, and the peaks 
will be completely blurred out after a decoherence time 7,,, found from (15.145) as 


mh? 
Ap’ ad (=) = 2D dec. 
a 


h2 
Tdec ~~ Da2 ‘ 


or 


(15.146) 


Let us derive this result from the master equation (15.142). We limit ourselves to short 
times, so that the motion of the Brownian particle can be neglected.”! This is equivalent 
to taking the limit M@ — oo in the master equation, and in this limit only the last term on 
the right-hand side survives (see Exercise 15.5.11 for a study of the general case). The 
off-diagonal matrix elements of the state operator obey the differential equation 


© (rip lx") = (xx alex). (15.147) 


The off-diagonal matrix elements of p decay with a relaxation time 7,,,: 


(15.148) 


because |x — x’| ~ 2a, in agreement with the preceding heuristic estimate. 

Let us give a very rough estimate for a typical decoherence time. Consider a Brownian 
particle of radius R ~ 1 wm in air with viscosity 7 ~ 10~°. The friction coefficient y is 
given by the Stokes law y = 67R/M. For a= 10 wm we find 7,,, ~ 10-?’s. “Large” 
Schrédinger’s cats are really quite short-lived! In Appendix B we describe experiments 
in which one is able to build Schrédinger’s cats small enough that decoherence can be 
observed and 7,,,. measured, thus allowing an experimental verification of the decoherence 
mechanism. 

There are other ways of writing the result (15.148). Using D = Myk,T and introducing 
the thermal wavelength 

h 


‘1, = ———, 
” /2atMk,T 


that is, the de Broglie wavelength at temperature T, (15.148) becomes 


L fey 
Tico ™ — (=) (15.149) 
Y 


20 Not to be confused with diffusion in position space! 
21 This is a general result. In the short-time limit, Brownian motion is dominated by diffusion; see “Further reading.” 


544 Open quantum systems 


The results of the present chapter allow us to give a general picture of decoherence. 
The first general feature is that one finds privileged states in the Hilbert space of states: 
coherent states in the case of Section 15.3.3 and position states in that of Section 15.4.4. 
These states are called pointer states, and they define the preferred basis of Section 6.4.1. 
A generic state of the Hilbert space is not stable when the system is put in contact with 
an environment but decays into an incoherent superposition of pointer states, which do 
not become entangled with their environment and are therefore the stable states. The 
stability of the pointer states can be traced back to the form the system interaction with the 
environment. For example, the pointer states of the Brownian particle are position states, 
because the interaction with its environment is proportional to the position operator X. 
As already mentioned in Section 15.3.3, a mode of the quantized electromagnetic field 
in a coherent state remains in a coherent state, because of the form of its interaction 
with a JT = 0 environment. Coherent states are therefore also pointer states. The second 
general feature is that the decoherence time is inversely proportional to the square of 
the “distance” between pointer states: this distance is the ordinary one in the case of the 
position states of Section 15.4.4, and |z, —z,| in the case of the coherent states |z,) and |z,) 
of Section 15.3.3. The decoherence time is nothing other than the lifetime of Schrédinger’s 
cats, and this lifetime is extremely short for macroscopic, and even mesoscopic, objects. 
As explained in Appendix B, decoherence is very likely an essential ingredient in the 
theory of quantum measurements. It explains why the measurement apparatus cannot be 
found in a quantum superposition, but can only exist in one of its pointer states. 


15.5 Exercises 
15.5.1 POVM as projective measurement in a direct sum 


Let us consider the POVM defined by (15.30) and (15.31). Define the unnormalized 
vectors |@) = /2/3|a), a =a,b,c, and use these three vectors belonging to H®) to 
construct two vectors belonging to a three-dimensional space H(®), written as the first 
two rows of a 3 x3 matrix M. Complete M by a third vector orthogonal to the two 
preceding ones to obtain 


/2/3 —/1/6 —/1/6 
M= 0 V1/2  —/1/2 
V1/3 J1/3) 1/3 
Why is M an orthogonal matrix, M’M = I? Consider a projective measurement in H°) 


built from the three columns |u,) of M. Show that an observer unaware of the third 
component of |u,) will conclude that she has performed a POVM in H), 


15.5.2 Using a POVM to distinguish between states 


Assume that Alice sends Bob qubits that can be either in state |a, ) or in state |b, ), each 
with 50% probability (the notation is that of Section 15.1.3). Bob performs a POVM with 
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elements Q,, Q,, and Q. (15.30). Show that if he finds the result b (a), he can be sure 
that the qubit was in state |a,) (|b,)), but if he finds result c, he cannot decide. Show 
that in 50% of the cases Bob will be able to decide with certainty between the two states. 


15.5.3 A POVM on two arbitrary qubit states 
1. Consider the following two qubit states: 
la) =cosa|0)+sina|1), |b) =sina|0)+cosa|1). 
What are the projectors P,, and P,, onto the states |a,) and b, ) respectively orthogonal to 
|a) and |b)? Let |c), 
lc) = A|0) +uI1), 


be a third qubit state vector. Build a POVM with P,,, P,,, and P. by writing 


a\? 
A(P,, +P, J+ BP, = TL. 
Show that A and B can be expressed in terms of the scalar product S = (a|b) = sin2a. 


2. Assume that Alice sends Bob a random sequence of states |a) and |b), each occurring with 50% 
probability. Bob performs a POVM 


105, saps 2h 


a\? 


What is the probability that he can be sure that Alice sent |a) or b)? Application: in the quantum 
cryptography setup explained in Section 3.1.3, a = 77/8. Show that Eve can fool Bob in 79% 
of the cases. 


15.5.4 Transposition is not completely positive 


Let H, and A, be two Hilbert spaces of dimension N. Consider the maximally entangled 
state 


I cnet ; 
lPse) = JN > |m,@ my), 
m=1 


and the corresponding state operator p 4; = |@4p)(P,z|. The transposition operator J, in 
Hl, has the following action on p,;: 


(7%, © Ip) Pap =< YI) (ml) 4 @ (Imm’)(n'l)p. 


min 


Define VV = Np, and show that applying NV to a vector |p, ® W,) has the result 


N04 8 Ug) =|, @ Pz). 


Show that NV? = 1. Write the explicit form of NW in the case N = 2: this is the so-called 
SWAP matrix. Show, first in the case N = 2 and then in general, that VV must have 
negative eigenvalues. 
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15.5.5 Phase and amplitude damping 


1. Let us examine the following model with simultaneous phase and amplitude damping for a 
two-level system. Three Kraus operators are given by 


= ie 0 _f{0 VW [0 0 
=( 5 a) ma (t ). m=(3 sx): 


Check that 


What are the restrictions on A and y? 
2. Show that the transformed state matrix K[p] is 


( Poo + YP aeee 


Pio LH A= ¥ pPi(i—y) 


3. What is the result after n iterations of the Kraus operator? Setting 


It At 
Y =s- 3 A = 8 n> 1, 
n n 
show that 
1 —pye pyre OP 
p(t) = —(A4D)1/2 Tt : 
Pio0& Prue 


What are the relaxation times 7, and T,? Check that T, < 27,. 


15.5.6 Details of the proof of the master equation 
1. Show that if p4p(0) = p4(0) ® pr(0), then 


Tye [V(t), Par(O] = [A(), p4(0) IT (R(t)pe(0)) = 0. 


2. Fill in the details of the calculations leading from (15.101) to (15.105). 


15.5.7 Superposition of coherent states 


We wish to study the decoherence of a superposition of two coherent states in the damped 
oscillator model of Section 15.3.3. The time evolution of the state operator is given 
by (15.79): 
dp i 
dr oh 


In this problem it is instructive to keep the H, part of the evolution. 


1 4 
[H), p|+ 5 r[2apa' = {a'a, p}|. 
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. Let us consider eigenstates |n) of the free Hamiltonian Hy) = wya‘a, and let p,,,, be the matrix 
element (n|p|m) of p. Show that the diagonal matrix element p,,,, obeys 


ah. = —nI pin + (n + DI pPytnw : 


Can you give a physical interpretation for the two terms of this equation? Argue that T° is the 


dP yn 
t 


rate for spontaneous emission of a photon (or a phonon). What is the evolution equation for the 
coherence p,41.,? 
. Let us introduce the function C(A, A*; t) by 


C(A, A*; t) =Tr (p edt! ee), 


Show that partial derivatives with respect to A have the following effect in the trace: 


) 7 0 At 48 
i — => ; 
5 ak ae aA ae 


Hint: use the identity (2.54) to commute a‘ and exp(—A*a). What are the corresponding identities 
for 0/dA*? 
. Show that C(A, A*; t) obeys the partial differential equation 


a pee oe agg a bene 6 
a kn OU Sn A) a ams 


This equation is solved by the method of characteristics. The solution is (derive it or check it!) 


C(A, A*; t) = Cy(Aexp[—(I'/2 — iwy)t], A* exp[—(T'/2 + iwo)¢]) 
with 
COA t=) = Cos A), 


. Assume that the initial state t = 0 is a coherent state |z): 
ae ee" 0), 
Show that in this case 
Cy = exp(Az* — A*z), 
and that the state at time ¢ is the coherent state |z(t)) with 
z(t) = zee! eM? 


Therefore, a coherent state remains a coherent state when T 4 0 (compare with (11.38)), but 
|z(t)| — 0 for t >> 1/T. In the complex plane, z(t) spirals to the origin. As [ < wo, one observes 
many turns around the origin. 

. Let us now consider a superposition of two coherent states at t = 0: 


|®) = ¢,|z;) +€|Z2). 
Show that at t =0 


a a (Iz1)(zale**"e***) = {z,|z,)e*2e". 
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What is the interpretation of C,,(t)? Let us define 


(Z21Z1) 


= TF OlaO) 


and write C,,(t) in the form 


Cyo(t) = (t) (zp (t)|z, (1)) 220 a P0, 


Show that 


1 _ T 
in| = exp | 5 Ie Z|? (1 )|~exp|-Fl-a?], 


where the last expression holds for ['t < 1. The decoherence time is therefore 


2 
Tq, => . 
. 4 =P 


6. Let us choose z, = 0 (ground state of the oscillator) and z, = z. From question 1, the average time 
for the emission of one photon is ~ (IT'|z,|*)~!. Argue that taking the trace over the environment 
(here the radiation field) shows that the coherence between the components z, = 0 and z of |) 
will be lost after the spontaneous emission of a single photon. 


15.5.8 Dissipation in a two-level system 


1. Starting from (15.113), derive the evolution equation for the matrix elements of the state 
operator p: 


d 

= = (Ge + G*) pi — (G_ + G*) poo, 

d " P 
a = 1M Po, — (Gi cs G_)por + (G, + G*) pro. 


The last line in (15.113) therefore does not contribute to the evolution of populations. 

2. Argue that in the rotating-wave approximation one can neglect the term (G a+ G*) Po in the 
evolution of pp,;. Within this approximation, rewrite the evolution equations in terms of I, and 
A, (15.116)-(15.117). Check that the relaxation rate is T =I, +T_ for the populations and ['/2 
for the coherences. 

3. From the expressions for I’, and I_, show that at equilibrium the relative populations of the 
levels |0) and |1) are 
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15.5.9 Simple models of relaxation 


1. In the first model a two-level atom A is prepared in a superposition of ground (|0,)) and excited 
({1,)) states at t= 0. The electromagnetic field is assumed to be in its ground (vacuum) state 
|0,), so that the initial state vector is 


[Y(t = 0)) = (AJO4) + HI14)) @ 105), [APP + Iu)? = 1. 
Guided by the Wigner—Weisskopf method (Appendix C), we write the state vector at time f as 
|'P(1)) = AlO, @ 0g) + ap|04 @ 1g) pepe SONH 1, @0z), 


where |1,) is a normalized one-photon state. Use the conservation of the norm ||‘(1)||? = 1 
to compute a and deduce from your computation the matrix elements of the state operator at 
time t. Compare with the damping models of Section 15.2 and find the Kraus operators. Show 
that T, = 27,. 

2. In the second model the state |1) is assumed to be stable, but the resonance frequency is time- 
dependent. This will be the case, for example, in NMR where a spin 1/2 is submitted to a 
fluctuating magnetic field B, (2). The state vector of the spin system at time ¢ is 


[W()) = A()[0) + w(Y)|1), 


with A(t) and p(t) given by 


MD =—5 wolDAC, idl) = 5 ell), AO) = Ay, (0) = Ho. 


The solution is 
1 t j t 
A(t) = Averp| 5 i ota], y(t) = po exp \-5 / w(t |. 
0 (0) 


Assume that w9(f) is a Gaussian stationary random function with connected autocorrelation 
function 


C(t’) = (apt + 1')@o(1)) — (0), 


where (e) is an ensemble average over all realizations of the random function. Also assume that 


Clr} Cexp (-") : 


Show that the populations po, and p,, are time-independent, but that the coherences are given 
by 


Poi (t) = Poi (t= O)ei(or# ee Se 


Which of the models in Section 15.2 corresponds to this situation? 


15.5.10 Another choice for the spectral function J(@) 


Instead of (15.131), we use another choice for the spectral function J(w), namely 


2 


J(@) = M pea 
wo) = 17) . 
Y w* + w? 
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Show that the real part C(t) of the autocorrelation function is 
C(t) =kgTMyw,e*"", 


Show that all the steps leading to (15.142) remain valid with this new spectral function. 


15.5.11 The Fokker—Planck—Kramers equation for a Brownian particle 


1. Let p(t) be the state operator of the Brownian particle of Section 15.4.4. Let us define the 
Wigner function w(x, p; t) by 


1 +00 Bes y y 
w(x pit) = — fe x4 > Ipli)lx— 5 )dy. 


Show that another expression for w(x, p; t) is 


1 ae —ixz z Zz 
w(x pi=s— fe!" (p+ =Ip(0)|p—5)dz. 


Show that integrating the Wigner function over x[p] gives the probability density w,(x; ft) 
[w)(p: 9]. 

2. Unlike w,(x; t) and w,(p; 1), the Wigner function, although real, is not necessarily positive and 
cannot be interpreted in a straightforward way as a probability distribution in phase space. First, 
compute the Wigner function for a Gaussian wave packet and check that it is positive in this 
particular case. Then compute the Wigner function of the superposition (15.143) of two wave 
packets and check that it is not positive everywhere. 

3. Derive from (15.142) the following partial differential equation for w(x, p; ft): 

jw pdw a - 


a 
_ p= 
tM de ap oe 


4. Integrate over x to obtain a Fokker—Planck equation for the probability density w,(p; 1): 
3 Pw, 
—=y— etl Be. 


Show that the long-time limit of w, is a Maxwell distribution and recover the Einstein relation 
between y and kpT. 


15.6 Further reading 


The present chapter has drawn on the following sources: Peres [1993], Chapter 9; 
J. Preskill, Quantum Computation, http://www.theory.caltech.edu/~preskill/ (1999), 
Chapter 3; Nielsen and Chuang [2000], Chapters 2 and 8; J. Dalibard, Cohérence 
quantique et dissipation, graduate lecture notes, Ecole Normale Supérieure, Paris (2003); 
S. Haroche, Superpositions mésoscopiques d’états, Collége de France lectures, 2003/2004. 
These last two references (in French) are available from the website http://www.lkb.ens.fr. 
Levitt [2001], Chapter 16, provides a study of the relaxation mechanisms in NMR. The 
concept of open quantum systems is widely used in quantum optics: see for example 
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H. Carmichael, An Open System Approach to Quantum Optics, Berlin: Springer-Verlag 
(1993) or M. Scully and M. Zubairy, Quantum Optics, Cambridge: Cambridge University 
Press (1997). Memory effects, linear response, and Brownian motion are studied in detail 
in, e.g., D. Foerster, Hydrodynamics Fluctuations, Broken Symmetry and Correlation 
Functions, New York: Benjamin (1975), Chapters | to 6, or Le Bellac et al. [2004], 
Chapter 9. The model in Section 15.4 was first introduced by A. Caldeira and A. 
Leggett, Physica 121 A, 587 (1983); see also C. Cohen-Tannoudji, J. Dupont-Roc, and 
G. Grynberg, Atom—Photon Interactions, New York: Wiley (1992), Chapter IV. Recent 
references to the Caldeira—Leggett model can be traced from the review article by 
Zurek [2003]. 


Appendix A The Wigner theorem and time reversal 


In this Appendix we shall demonstrate the Wigner theorem stated in Section 8.1.2 and 
study invariance under time reversal, which is special because the operator that realizes 
this symmetry in the Hilbert space H# is antiunitary rather than unitary, in contrast to all 
the other cases we have encountered so far. Let us recall the definition (see Section 8.1.1) 
of a ray in Hilbert space: a ray is a vector up to a phase factor. Two unit vectors g and 
@ differing by a phase factor g = exp(ia) @ belong to the same equivalence class, which 
is precisely a ray @ of H. Since the modulus of the scalar product is independent of the 
representation in the equivalence class 


I(P. X)| = I(¢. XII, 


the modulus of the scalar product of two rays @ and y is well defined by choosing two 
arbitrary representatives in each equivalence class: 


(PX) =P XII. (A.1) 


but it is quite clear that it makes no sense to speak of the scalar product of two rays. We 
shall use the notation (e, e) for the scalar product in order to avoid the ambiguities of the 
Dirac notation, which would be particularly cumbersome in this appendix. 

Let there be in A a correspondence between rays 


e—>Te (A.2) 
such that the modulus of the scalar product is invariant: 
(PX) = (TE, TX)I. (A.3) 


The Wigner theorem states that it is always possible to choose the phases of vectors such 
that the correspondence between rays becomes a correspondence between vectors: 


e— Ug, |(Up, Ux)| =l(¢. xX)I. (A.4) 


where the transformation U is either linear and unitary 
(Up, Ux) = (¢. x) (A.5) 
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or antilinear and unitary (= antiunitary): 


(Up, Ux) = (x% P) = (¢. x)": (A.6) 


A.1 Proof of the theorem 


Let {y;}, i=1,...,N, be an orthonormal basis of AC assumed to have dimension N, 
(X;. X.) = 5;,. We shall assign a special role to the first basis vector: by convention, the 
indices i and k will vary between | and WN and the indices j and / between 2 and N. We 
choose a representative x; = x; in the class of Ty, and a representative x,’ in the class of 
TX; j=2,...,N. According to (A.3), the set {y/, Xj} also forms a basis of HH because 


(xis Xe) | = Oi Xe = Sie 
Let us consider the set of vectors ; 

P=M+X, J=2,-..N, (A.7) 
and let T@; be the transform of the ray @;. If y is a representative of T¢;, we will have 
lx 1 = 10a %,)| = 1, 

OX; EDI = 10%} Gd | = Sy 
A representative g/ of Tp; will then have components only along y; and y;: 


g; = CiXj FON 


and these components will have unit modulus: |c;| = |d;| = 1. We can now choose 
representatives g’, and y; 
, 1 ” ! dj ” 
Ge en oe (A.8) 
a ot 
such that 
/ 1 / " / / 
95 = (6X1 + 4X7) = MX}: (A.9) 
J 


We have thus defined an operation on vectors of H 
M+Xi > MU +X) HMA 


such that vy, € Tx,, x; € Tx;, and xy, +x; € T(x, + x;). Let us now try to determine if it 
is possible that an arbitrary vector yw transforms as 


N N 
b= ax > = Dory. 


k=1 k=1 
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If such a transformation law is valid, we must have, on the one hand, 
eel = 1 Xe W1 = Xe WI = lex 
and on the other, 
(M+~XpW=Hate, (MAX WV) =e +c, 
which according to (A.3) implies that 
le, tel = |e, +c} I. (A.10) 


The two pairs of complex numbers (c,, c;) and (c;, c) must be such that |c,| = |c;| and 
|c;| =|c;| and they must also satisfy (A.10). We set 
6 = lejle™, oS |c;|e" P 
qalele, cle 


The angles (6,,0;) and (6, 0’) are related by the equation 


Ley 


cos(6; — 0;) = cos(9, — 6%), (A.11) 

which has two solutions 
6,—-0, = 0, - 6%, (A.12) 
6,—0; = —(6, — 6). (A.13) 


Let us examine the first case. We can redefine the phase of w’ such that c; = c, and then 
6, = 0,. In this case 6, = 6; and c; =C;, and so 


Wi = DCX: 
k 
If we consider another vector 7 = >°; d, xX, again with d; = d,, we will have 


(Ad + pny = Ac + Bhd) Xe = AY! + ey. 
k 


By a suitable choice of phase the transformation T can be chosen to be linear, and 
since it conserves the modulus of the scalar product, it is also unitary: T — U with 
UiG= 00 =. 

In the second case we redefine the phase of if’ such that c; = cy}. We then have ci, = c; 
and 


Wl = DEX: 
k 
The transform of Aw+ 7 then is 


(Ap+pn)’ = [Die + mde) =A t+ pr, (A.14) 
k 
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and the transformation law of the scalar product is 


(W', 1’) = (W n)* = (0. W). (A.15) 


The transformation takes T — V, where V is termed antiunitary. It is antilinear and 
conserves the norm. 

The preceding proof is actually incomplete. In fact, it should be shown that it is not 
possible to have (A.12) for c; and (A.13) for c,, 1 ¢ j. The proof that this cannot happen 
is cumbersome and we leave it to the reader;! it requires examining the behavior of the 
transform of a vector f= x, + X;+X- 


A.2 Time reversal 
In classical mechanics, Newton’s equation 


m0 _ FEW) 


is invariant under time reversal t — —t. If we take r’(t) = r(—1), then 


d’7’(t) mnt 6) t) 

=m = FR-1) = FEO). 
One observes that 7’(t) also obeys Newton’s equation. The reason is obviously that this 
equation depends only on the second derivative of 7 with respect to time and not on 
the first derivative.” An intuitive image of time reversal is the following: we imagine 
that we follow the trajectory of a particle from t = —co to t= 0 and that at t= 0 we 
abruptly reverse the direction of the momentum (or velocity): p(0) — —p(0). Under these 
conditions the particle “retraces” its trajectory, passing at time f the position it had at 
time —f with momentum in the opposite direction (Fig. A.1): 


r(j=r(-), p(-) =p). (A.16) 


The position vector 7 is even under time reversal while p is odd. Invariance under time 
reversal is called microreversibility. If we film the motion of some particles and then 
run the film backward, then microreversibility implies that this projection appears to 
be physically possible.* We know that this is not the case in everyday life, which is 
fundamentally irreversible, and it is not yet completely clear,t even to this day, how a 


See Weinberg [1995], Chapter 2, where all the subtleties of the proof are explained in detail. 
An equation like that of the damped harmonic oscillator 


nN 


mx + yi+mo*x =0 


is not invariant under time reversal, but the viscosity force —y.x is an effective force, phenomenologically representing the 
effect of collisions with the fluid molecules on the particle of mass m. 

The analogy with parity conservation is obvious; the image of an experiment in a mirror appears to be physically possible if 
parity is conserved. 

As already shown by the heated discussions between Boltzmann and his adversaries. See, for example, Balian [1991], 
Chapter 15, or Le Bellac et al. [2004], Chapter 2. 


w 


- 
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p(t) =-p(-t) 


Fig. A.1. Time reversal on a classical trajectory. 


dynamics which is reversible at the microscopic scale can lead to phenomena which are 
irreversible at the macroscopic scale. 

Let us now return to quantum mechanics, using © to denote the operator that performs 
time reversal in A. This operator must transform R, P, and J as 


ORO !'=R, 
OPO! =-P, (A.17) 
eso! =—_J. 


Actually, J must transform as R x P, which is odd under time reversal: the angular 
momentum defines a sense of rotation which is reversed by time reversal. Examination 
of the © transformation of the canonical commutation relations shows that © must be 
antiunitary. Let us calculate a matrix element of the commutator [X;, P;] =ih6,)/ in two 
different ways: 


(Og, O[X;, P|) = (Og, O1hd, Mb) = 6,(g, hip)" = —ihd;(e, py” 
= (O¢@, O[X,, P,|O ' Ow) = (Og, —ihd; JO) = —ihé;(¢, W)*, 
where in the second line we have used the transformation laws (A.17) for X; and P;: 
O[X,, P]O-' = —[X;, P|]. 


The two lines of the preceding equation are compatible, which would not be the case if 
the © transformation were unitary. 

There is another very instructive argument proving the antiunitarity of ©. Let g(t) be 
the state vector of a quantum system at time f, and let gp = y(t = 0) be its state at time 
t=0: 


y(t) = exp (-; i) Q. 
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Invariance under time reversal implies that the state transformed from g(—f) by time 
reversal, Og(—t), coincides with the state obtained by the time evolution of Og(0): 


Og(—t) = exp (-; i) Og, 


and since these equations are valid for all ¢, 


@exp * At = exp + Ht)@. (A.18) 
h h 
If © were unitary, this would imply that 
OH = —H®O, 


and to any eigenvector g, of H with energy E there would correspond an eigenvector 
Og, of energy —E. Under these conditions the energy would not be bounded below and 
a fundamental instability would exist. If on the contrary © is antiunitary, since 


@iH = -iOH, 
(A.18) implies that 
OH=H® or OHO''=H. (A.19) 


This equation expresses the invariance of H under time reversal. However, in contrast to 
the parity operator II, © does not lead to a conserved quantity, because (8.17) implies 
that the operator A is Hermitian, which is not the case with ©. It is known that all 
the fundamental interactions of physics are invariant under time reversal except for an 
extremely weak interaction whose effects are seen only in the K°—-K9-meson system 
(Exercise 4.4.8), and also very recently in the system of B mesons, which are formed of 
an ordinary quark and a bottom (b) antiquark or vice versa. 

A double time reversal obviously does not have any effect, and the state ©’¢ is 
equivalent to , ®? = cl, where c is a phase factor. The chain of equalities 


(O¢,, —,) = (O¢,, OG.) = C(O,, Pz) = C(OG,, O Y,) = C(O, ¥;) 


shows that c? = 1, so that c= +1. In the case where c = —1, the choice Y, = $, in the 
preceding equation implies that 

(OG,, Pa) = 9. (A.20) 
If c = —1 and H is invariant under time reversal, the eigenstates of H can be arranged 


as pairs of states which are degenerate under time reversal. Let g be an eigenvector of 
H, Hp = Eg. Then 


A(@¢) = O(H@) = E(O¢) 


and Og is an eigenvector of H with eigenvalue E: if (Og, ~) = 0, there exist (at least) 
two eigenstates of H with eigenvalue E. This property is called Kramers degeneracy. 
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Taking into account the transformation properties of J (A.17), we must have 
O|jm) =e" (—-1)"""|j, -m), (A.21) 


where by applying J, and J_ it can be shown that @ can depend on j, but not on m. The 
antilinearity of © can be used to show that 


@°| jm) = (—1)™|jm) (A.22) 


and so ©? = / if j is an integer or ©? = —/ if j is a half-integer. The Kramers degeneracy 
then implies that a system with an odd number of electrons possesses energy levels that 
are doubly degenerate in the absence of a magnetic field. The presence of a magnetic 
field breaks the invariance under time reversal, because in order to respect this invariance 
it would be necessary to reverse the direction of the currents producing this field. The 
reason the Zeeman effect completely lifts the level degeneracy is that the magnetic field 
breaks the invariance under time reversal. 

Invariance under time reversal implies that for a transition amplitude 7, 


a—>b 
He = J eb-+@a> (A.23) 


where @a (@b) is the state obtained from a (b) by time reversal, by reversing all the 
momenta and angular momenta. We can derive, for example, the relation for the scattering 
amplitude used in Section 12.3.2: 


fk’, k) = f(-k, -k’), 


and, more generally, for a reaction in which the incident particles have momenta (Pp,, P>) 
and spin projections (m,,m,) and the final particles have (p;, p,) and (m3, m4), 


| Sey + p> “2 P3 + D4) = Tic laiictinn tig Os —P4 FF —P, — Pp»). 


For a particle without spin, the operation of time reversal is simply complex conjugation. 
If (7, t) satisfies the Schrédinger equation 


aW(7,t) 


ae on Vir, t) + VF)UCF, 0), 


the function Ow(7, t) = w* (Tr, —1) satisfies 


poe’, —t) 


h? s . - 
a = VW + VOW) 


provided the potential V(r) is real. This property has been used in Sections 9.4.1 and 9.4.3 
to restrict the form of the transmission matrix M and of the S matrix. 
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As a final example, let us examine the impact of invariance under time reversal on the 
neutron electric dipole moment. Since the dipole moment operator D is odd under parity, 


Vpn =~p, 


the dipole moment? of a particle is zero if this particle has definite parity, which will 
be the case if its interactions conserve parity. This is why atoms in their ground state 
do not have a permanent dipole moment. However, parity is not conserved in the weak 
interactions, and this can a priori restore the possibility of a dipole moment. In fact, it 
is also necessary that invariance under time reversal be violated. The only vector at our 
disposal is the neutron spin ha/2, and we must have D = NG, where A is a constant. We 
note that A #0 implies parity violation because D is a vector and G is a pseudovector. 
The coupling D-E of a dipole to an electric field is odd under time reversal and must 
vanish if there is invariance under time reversal, because according to (A.17) @ is odd 
and E is even; under time reversal, charges are not changed (but currents are reversed, 
as we have seen above). If we send a neutron possessing an electric dipole moment in 
nonuniform, constant electric and magnetic fields and at t = 0 reverse the neutron velocity 
and the currents creating the magnetic field, then, in contrast to the case in Fig. A.1, the 
neutron will not “retrace” its trajectory. 

Let us try to estimate the neutron dipole moment by a dimensional argument. This 
dipole moment must involve weak interactions and therefore the Fermi constant G, 
(Exercise 12.5.6), or, more precisely, the combination G,;/(hc)*, and a dimensionless 
parameter € measuring the importance of the violation of time-reversal invariance. Its 
order of magnitude can be estimated to be about 10~* based on study of neutral K mesons. 
We also have a mass at our disposal, the neutron mass m, ~ 1 GeVc~?. By dimensional 
analysis the only possible solution is 


d~ q,—— em,(hic’). 


ti 7 
It is convenient to use a system of units in which h = c = 1,200 MeV~ 1fm™' 
(Exercise 12.5.1), or 1 fm~ 5GeV7!: 


d~ qx 10° x 10°? x 1=q, x 10°° GeV"! ~ g, x 10°’ fm = g, x 10° m 


The most precise measurements of the neutron dipole moment have been made at the 
research reactor of the Laue—Langevin Institute in Grenoble and give the upper bound 


d= 9.10" m 


which strongly disagrees with our naive estimate! In fact, owing to a technical feature of 
the Standard Model,° the neutron dipole moment must be proportional to G7: 


d~ Gem (hc’) =~ q. x 10°” m 


> For a particle to have nonzero electric dipole moment, it is imperative that its angular momentum be nonzero. If that is not 
the case, rotational invariance is incompatible with the existence of a dipole moment. 

© See, for example, J. Donoghue, E. Golowich, and B. Holstein, Dynamics of the Standard Model, Cambridge: Cambridge 
University Press (1992), Chapter IX. 
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The theoretical estimates of the neutron dipole moment are not very accurate and gen- 
erally lie somewhere near g, x 10-** m; our estimate is reduced by a factor of ~10~3 
because perturbative calculations using the Standard Model lead to a multiplicative numer- 
ical factor of 7~* ~ 10~? and suggest that a typical mass of order 0.3 GeV be used 
instead of m,,. 


Appendix B Measurement and decoherence 


In this appendix we shall describe in more detail how the experiment of Brune et al. 
mentioned in Section 6.4.1 provided evidence of the phenomenon of decoherence in an 
entirely controlled manner. In addition to its intrinsic interest, this experiment is a prime 
example of actual experiments which allow the fundamentals of quantum mechanics to 
be tested with a precision undreamed of by its founders, and the study of this experiment 
constitutes a beautiful exercise in quantum physics. It will also allow us to give a small 
sample of the current ideas on the notion of measurement in quantum mechanics.' We 
shall first return to the interference experiment of Section 1.4.4, this time discussing it 
within the framework of an elementary theory of measurement. Then we shall examine 
the realization of Ramsey fringes using Rydberg atoms, and show how the interaction of 
these atoms with an electromagnetic field progressively blurs these fringes when we try 
to answer the “which of the two trajectories?” question. Finally, we shall show how the 
use of a pair of atoms allows decoherence to be tested. 


B.1 An elementary model of measurement 


Let us return to the discussion of the Young’s slit experiment with the trajectories labeled 
as in Fig. 1.13, enlarging on it with the introduction of a mathematical formulation. Let 
C(x) [c,(x)] be the complex probability amplitude for an atom to be localized at a point x 
on the screen after having passed through slit 1 [2]. The (arbitrary) normalization is fixed 
by |c, (x)|? = |c,(x)|? = 1. In the absence of any device for observing the trajectories, the 
probability of arriving at a point x on the screen is 


p(x) = 5 (lev? + lea +2ReLev(x)e5())). (B.1) 


The last term in (B.1) is of course the interference term. The probability amplitude c, (x) 
is the product of the amplitude” (¢,|S) for an atom emitted by the source S to be localized 


' A very complete discussion of measurement theory can be found in the 1989-1990 course at the Collége de France by 
C. Cohen-Tannoudji (in French, available from the website www.|kb.ens.fr). The current ideas on measurement owe a great deal 
to the work of W. Zurek, a pedagogical discussion of which can be found in W. Zurek, Physics Today, October 1991, p. 36. 

> With, for example, (;|S) « exp(ikr;s)/rjs, where k is the modulus of the wave vector of the atom and rs is the modulus 
of the vector joining the source to slit 1; cf. Feynman ef al. [1965], Vol. III, Chapter 3. 
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at slit 1 and the amplitude (x|g,) for an atom emitted by slit 1 to be localized at x on 
the screen. There is an analogous expression for c,(x), and so 


C1(X) = (x11) (PiS),  Co(X) = (x1 G2) (QoS). 


It is convenient to include the amplitudes (g,|S) and (@,|S) in the definition of the 
atomic states |~,) and |g~,) and write simply 


C(x) = (x1@1), — Co(x) = (x]Q). (B.2) 


The states |y,) and |g,) are assumed to be normalized and orthogonal, because they are 
localized at different slits and their wave functions do not overlap. Let us now place the 
cavities C, and C, of Fig. 1.13 in front of the slits and let |x,)) be the state where C, 
contains one photon and C, zero photons, and |x,,) be the state describing the opposite 
situation. The atom + photon state is then an entangled state |): 


ae 
J2 


and the corresponding state operator is 


IY) = (I¢1) @ xo) + les) ® Lxa1)); (B.3) 


Pro =P) (OV) = [le (eiD ® (X10) (X10) + 1P2) (P21) ® (X01) (Xo) 
+ (1) (21) ® Uxio) (Xoul) + e2)(11) B(x.) xo) |. (B-4) 


Let us now seek the reduced state operator of the atom alone using (6.34): 


Pa = Tria Pox = 5 [101 Gilt le2eal + (HoilodlereltHe)], B.S) 


where H.c. denotes the Hermitian-conjugate expression. In the basis {|¢,), |g.)} the 
matrix form of this result is 


1 | (Xo1lX10) 
t=n7 : B.6 
. 2 ( (X101Xo1) 1 a 


We recall that the off-diagonal elements of p,, are called coherences. In the scheme of 
Fig. 1.13, the states |y,)) and |x,) are orthogonal: (V1 9|X9;) = 0, which reflects the 
localization of the photons in two different cavities such that their wave functions do 
not overlap. Under these conditions the state matrix (B.6) is diagonal. It is instructive to 
consider a more general situation, where the photon associated with passage of an atom 
through slit 1 is not completely localized in the cavity C,, but has a certain probability 
of leaking toward C,, and vice versa for the photon associated with passage of an atom 
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through slit 2. Under these conditions the observation of a photon in C, or C, does not 
allow a definite labeling of the atomic trajectory. We easily obtain the probability p(x) 
of arriving at a point x on the screen: 


p(x) = Tr(Ix) (row) = 5 (lev)? + lea@IP+2Re le(x)e50)xoilxo)])- (B-) 


The photon emitted in C, or C, performs a measurement = labeling of the trajectory, or, 
more precisely, a premeasurement, and this premeasurement corresponds to the formation 
of an entangled state (B.3), that is, to the establishment of quantum correlations between 
the atom (the system) and the photon (the measuring device). The possible interferences 
are contained in the coherences of the reduced state matrix (B.6), and these interferences 
vanish if the coherences are zero, when |x,.) and |x ,) are orthogonal. In this case the 
measurement of the trajectory is unambiguous. It is not necessary for the photon to be 
observed, or, in other words, for the measurement result to be recorded, in order to 
obtain (B.7). It is the entanglement of the photon with the atom and the orthogonality 
of the states |x,)) and |V,) that destroy the coherences. On the contrary, if the states 
|X¥io) and |xo,) are not orthogonal, the measurement of the trajectory is not unambigu- 
ous, and the interferences are only partially blurred, the blurring being more important 
the closer (¥j9|Xo1) is to zero. In the limit where |(X1o|Xo,)| = 1, the device gives no 
information on the trajectories, the interferences are completely re-established, and we 
recover (B.1). 

The preceding discussion can be generalized to an elementary measurement model. 
Let us suppose that we wish to make a measurement on a quantum system S which can 
be found in one of N states |g,,) belonging to the space of states H. ~ of dimension N. 
The first phase of the measurement, which we shall call the premeasurement phase, is 
performed using an interaction between S$ and another quantum system M, the “measuring 
device.” In the above example, the atom is the system S and the photon is the measuring 
device M. If S is initially in the state |p,) and M is in the state |v), we assume that the 
interaction between S and M has the following effect: 


IPn) @1X) => |Pn) @1Xn): 


where |v) and |x,,) belong to a Hilbert space H,,. An explicit mechanism giving this type 
of result is described in Exercise 9.7.14. It is crucial to note that the evolution during the 
premeasurement phase where S and M interact is unitary and governed by an evolution 
equation of the type (4.11) with a Hamiltonian H,, ,,. The reading of the final state of M 
makes it possible to recover the initial state |p,,) of S: M is a “needle” whose “position” 
lx,» gives the state of S. The linearity of quantum mechanics implies that if the initial 
state of S is the linear superposition |g) = -"_, c,|¢,,), the result of the premeasurement 
is given by 


I~) @|x) = (3: ale @ IX) => Vical@n) @ Xn): 


n=1 
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The result is an entangled state of S+ M. We easily calculate the reduced density operator 
of S using (6.34): 
N 
Ps = Try Psim = » CaCl Pn) <Pm| (Xm lXn)+ (B.8) 
n,m=1 

If the states |y,) are orthogonal, (X,,|Xn) = Sm the result of the measurement is 
unambiguous, because the observation of M determines the state of S uniquely, and the 
coherences of ps vanish: 


N 
Ps = Yolen!" 1On) (Pal: (B.9) 
n=l 
The reduced state operator p, is completely different from the initial state operator 
pe ofS: 
N 
Ps = De nn Pn) (Pn: (B.10) 
n,m=l 
The coherences have vanished in going from (B.10) to (B.9). Only the information on 
the probabilities |c,|* of finding S in the state |g,,) is conserved. However, the situation 
is still reversible: as long as the system $+ M remains closed, only a premeasurement 
has been made, not a true measurement, and the information on the phases has not been 
lost in the full $+ M system. Moreover, it is possible to use a basis of Ay, other than 
the basis {|y,,)}; this new basis is coupled to a basis of A, which is different from the 
basis {|¢,,)}, and physical properties different from those measured in the former case are 
associated with it. There are therefore ambiguities in the physical properties of S which 
are measured by M. However, the interactions of M with its environment, which have 
not been taken into account up to now, will select a preferred basis of pointer states, thus 
lifting the ambiguities. 


B.2 Ramsey fringes 


Let us now discuss the experiment of Brune et al. The experimental setup is shown in 
Fig. 6.10. Rubidium atoms in a circular Rydberg state (Exercise 14.6.4) are prepared at 
O. A Rydberg state of rubidium (which is an alkali atom) is an atomic state in which the 
outer electron of the atom is located in an orbit of very high principal quantum number 
n, and so the size of the atom is very large compared with the Bohr radius ay. Moreover, 
the orbital angular momentum is made to take its maximum value / = n — 1, as is the 
magnetic quantum number |m| = /. Under these conditions a circular Rydberg state is 
obtained, that is, a state in which the orbit is circular and the electron is confined in a very 
thin torus about the average radius of the orbit ~ n?a) ~ 125 nm. In the experiment the 
two Rydberg states that are used correspond to n = 50 (denoted |g)) and n = 51 (denoted 
|e)). These states are separated in energy by 0.21 meV, which corresponds to a frequency 
Wy) = 3.21 x 10!' rad s“' (v = 51.1 GHz). Owing to the choice of circular orbits, these 
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states have a very long lifetime, of order 30 ms, on the atomic scale, and the probability 
of spontaneous decay during their flight between O and the detectors D is negligible. 
The atoms are detected by selective ionization detectors D, and Ds because the states e 
and g are ionized by different fields. The efficiency of the detectors, that is, the probability 
that D, is triggered by e and D, by g, is of order 40%, while the probability of triggering 
by the “wrong” state is a few percent. 

At first the cavity C is empty and the atoms are subjected to a radiofrequency field 


E(t) = E, cos(wt — d) (B.11) 


in the cavities R, and R,, where the value of @ depends on the cavity. The frequency w 
is close to the resonance frequency w, and the detuning is 6 = w —w,. To an excellent 
approximation the atom-+field system is described by a two-level system |e) and |g) 
interacting with a classical field (B.11). This system has been studied in detail in Chapter 5, 
and we can immediately use Equations (5.32) with only trivial modifications to take into 
account the phase @ in (B.11). It is convenient to revert to the notation of Chapter 5 and 
to define 


lei ls ley—el-) BE, > EO £2, —hey > 0. 


The solution of the evolution equations with the initial conditions y,(0) = 1, y_(0) =0 
is, when d £0, 


t 
y,.(t) = cos >, 
(B.12) 
Vy i= —ie’? sin aly 


Pi 


where the functions y,.(t) are defined in (5.26). The solution of the evolution equations 
with the initial conditions y, (0) =0, y_(0) = 1 is obtained without calculation by noting 
that it is sufficient to make the substitutions + < — and ¢ > —¢ in (B.12): 


: t 
y,(t) =—ie"® sin >, 
B.1 
” (B.13) 
y_(t) =cos ik 


If the time to cross the cavity R is adjusted such that w,t/2 = 7/4, that is a 7/2 pulse, 
an atom entering the cavity in the state |+) leaves according to (B.12) in the state |p, ), 


1 : 
ote race ee B.14 
lps) Fa (|+) |-)) (B.14) 
and one entering in the state |—) leaves according to (B.13) in the state |p_),? 


_t —ie i? bed 
Ip) = = ( yl ye (B.15) 


3 We can get rid of the factors of i by redefining the phase of the states |+) and returning to the phase conventions of 
Section 6.4.1. 
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The two cavities are fed symmetrically by the same source S and are therefore exactly in 
phase. It is always possible to choose @ = 0 for R,, but for R, we must take into account 
the time T to travel between R, and R,, with ¢ = —wT. Although we are at resonance 
W@ = Wp, we Shall formally retain the two frequencies w and w, for later use. Taking into 
account (B.14) and the different free time evolution of the states |+) and |—) during time 
T, if an atom enters the cavity R, in the state |+), it will arrive in the cavity R, in the 
state |g’): 


i 
g') = — (|+) -ie™7 |-)). B.16 
lg’) i (+) |-)) (B.16) 
Now using (B.14) and (B.15) and the value ¢ = —wT, we can state that the atom leaves 
R, in a state |W): 


Iw) = 4 [(u—e") f+) ie" (146) [9], 8.17 


since as already mentioned we have formally retained 6 even though 6 = 0 at resonance. 
Actually, the two frequencies w and w, play different roles: w,) controls the free time 
evolution and w controls the phase @. It is therefore possible to identify their respective 
roles. If we take 6 = 0 in (B.17), the global effect is |y) « |—), which was to be expected 
because we have effectively applied a 7-pulse to the atom, thus transforming a state |+) 
into a state |—). 

The evolution equations in the nonresonant case have been solved in Section 5.2.2, 
and the result for the initial conditions y, (0) = 1, y_(0) =0 is 


ib s/2 Or Or 
y= 5 200s a —idsin a : 


(B.18) 


11 i(6—81/2) i, 2 
t) =——~e sin —. 
yW=—-G 5 


The result for the initial conditions y,(0) =0, y_(0) = 1 is again obtained without 
calculation by making the substitutions + < —, 6 > —6, and ¢ > —¢ in (B.18). 

We choose the detuning 6 to be nonzero, but sufficiently small that |6|/Q « 1. Then 6 
can be neglected, except in terms involving exp(idT ), because there is no reason for 6T 
to be small compared with unity. We then recover the results of the nonresonant case, but 
6 in (B.17) is explicitly nonzero. If the atom has entered the cavity R, in the state |+), 
the probability p,, of finding it in the state |+) at the exit from R, is given from (B.17): 


1 


2 
= 1 -_ idT 
Pre =F | 


1 
= sin” —. (B.19) 


We therefore predict that p,, varies with 6 with period T = 27/6, a phenomenon called 
Ramsey fringes. Experiment confirms the existence of these fringes with a good contrast 
of about 55% (Fig. B.1a). 
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Fig. B.1. Ramsey fringes. (a) Empty cavity; (b) to (d) average number of photons (n) = 9.5. The 
column on the right gives the overlap of the coherent states |z..); see Fig. 6.11. From M. Brune 
etal., Phys. Rev. Lett. 77, 4887 (1996). 


B.3 Interaction with a field inside the cavity 


The superconducting cavity C now contains an electromagnetic field in a coherent 
state (11.31) of an eigenmode of frequency w, ~ w, of the cavity, with a detuning 
b¢ = Wc — Wy #0: 

| 2 


|z) =exp (-) exp(a‘z)|0), (B.20) 


where |0) is the vacuum of the electromagnetic field in the mode under consideration 
(the zero-photon state). The complex number z., is defined as 


Z4.= ae. 


where a is a real positive number; a” is the average number of photons (n) in the cavity, 
a* = (n). Since the atom and the field are not in resonance, there is no photon emission 
or absorption during the passage of the atom through C. Away from resonance the atom 
acts like a medium of index of refraction 4 1 and the passage of the atom through C 
has the effect of changing the phase of the field by an angle +@ depending on whether 
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the atom is in the state |+) or the state |—):*+ the electromagnetic field inside the cavity 
measures the state of the atom, with ® acting as the needle on the measuring device. The 
state of the field left inside the cavity theoretically> makes it possible to identify the state 
of the atom which has crossed C. The scheme is exactly the same as that described in 
Section B.1, with |) playing the role of |g,,) and |z,.) that of |y,,). 

When there is no field in the cavity, an atom initially in the state |+) will arrive at R, 
in |g’) (B.16). The presence of the field inside the cavity has the effect of creating an 
atom + field entangled state |’) at the entrance of R,: 


IW’) = = (|+) @|z,) ie" |-) @|z_)), 


while at the exit of R,, instead of (B.17) we find 


IW) =5 (lH @[le.)—e*)] ie" -@feW"le.) +1)]). B21) 


We can then obtain p,,,:° 


i. = ; ((zalzs) +(z_|z_)—2Re le*"(z,1z-)]). 


The coherent states |z,) are normalized, (z,|z) = 1, and the scalar product (z,|z_) is 
(z,|z_) = exp (—2a’ sin’ @) exp (—ia’ sin2®) . (B.22) 


Substituting these values into p,,, we obtain the final result 
| 
= mi [1 —exp(—2a’ sin’ ®) cos(ST — a’ sin 20). (B.23) 


This expression shows that the Ramsey fringes are blurred and that the factor responsible 
for this blurring is exp(—2a? sin’ ©) coming from (z,|z_): the fringes are more blurred 
the larger the average number of photons a? and the larger the phase shift ® (Fig. B.1). 
The quantity 2a@ sin ® has an interesting geometrical interpretation: it is the distance in the 
complex z plane between the centers of the circles representing the quantum fluctuations 
of the electric fields (Fig. 6.11). These results can be interpreted in terms of paths in 
a Hilbert space. The probability amplitude a,, of observing an atom in the state |+) 
at the exit of R, when this atom entered R, in the state |+) is the sum of two terms 


+ ® can be calculated explicitly: 


a OR 


P= — To, 
2.86% 


where Qp is the vacuum Rabi frequency in the cavity (Exercise 14.6.6) and T¢ is the duration of the passage through C. 
Using the experimental numbers, Op ~ 47 kHz, 6¢/27 = 100 kHz, Tc ~ 20s, and ® ~ 0.7 rad. ® can be varied by varying 
the detuning 6c. 

> But not in practice using current technology! However, it is not necessary that the measurement actually be made; it is 
sufficient that we can imagine making it. 

© The careful reader can verify this result by calculating the reduced state matrix of the atom. 
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corresponding to the possible intermediate states |+) and |—) given by (B.17) when C is 
empty: 


1 1 
Gee SO ay += 5 — 5 explsT). 


These two paths (in Hilbert space!) are indistinguishable when there is no field in the 
cavity C. When there is a field in the cavity, the passage of the atom through the cavity 
leaves a trace by changing the phase of the field by +®, and this trace is different 
depending on the state |+) of the atom. We can therefore distinguish between the two 
paths and the interference pattern is blurred. The degree of blurring is controlled by the 
overlap of the states |z,) and |z_). In the limit where these states are orthogonal, the 
paths are completely distinct and the fringes are destroyed. In the opposite limit, when the 
angle |®| < 1, the state of the field does not allow the paths to be distinguished and the 
fringes remain. This experiment is a concrete realization of one proposed by Feynman for 
distinguishing between the two trajectories in a Young slit experiment (cf. the discussion 
of Section 1.4.4). However, our discussion makes it evident that the destruction of the 
interference pattern does not arise from any perturbation of the atomic trajectories, but 
from the possibility of labeling the two paths. 


B.4 Decoherence 


Let us return to the connection with the general discussion of measurement in Section B.1. 
The system S is the atom which crosses the experimental apparatus, the measuring device 
M is the field, and the position of the needle is the phase shift +@® of the field after 
passage of the atom in the state |+). According to (B.21), after the atom has passed 
through the cavity the measuring device is left in the state 


1 
V2 
depending on the result of the detection. For an operation to truly be a measurement, it is 


necessary that there be a one-to-one correspondence between the state of the measuring 
device (the field) and the system (the atom): 


IZ) = [Ie Fe" [2], (B.24) 


ele Wa ie 


However, this is not always the case: after passage through the cavity the state |+) 
corresponds to a linear superposition (B.24) of the states |z,) and |z_). This is a symptom 
of the ambiguity mentioned at the end of Section B.1. 

Moreover, the state (B.24) is a Schrédinger’s cat (Section 6.4.1),’ that is, a linear 
superposition of two positions of the needle on the meter of the measuring device. If we 
compare the states |z,) to classical states, which will be correct when there are a large 
number of photons in the cavity, and if ® is the position of the needle, the state (B.24) 


7 Since the measuring device is at best mesoscopic, it is a kitten rather than a cat. 
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is a linear superposition of two positions of this needle. To explain why such states are 
never observed, at least in the limit where the measuring device is macroscopic, it is 
necessary to consider the coupling of M to the environment E. In fact, it can be shown 
in a general way that an interaction $+ M is not sufficient for making a measurement of 
S: it is also necessary to introduce a coupling of M to the environment in order to make 
a real measurement. As long as no information is leaked to the environment the situation 
remains reversible, that is, we remain in the premeasurement stage, and the entanglement 
S+M can be manipulated as above. It is the leakage of information to the environment 
that makes the measurement irreversible. The coupling of the measuring device to the 
environment leads to the phenomenon of decoherence: the quantum coherences of M 
with S are destroyed in a very short time such that only the states of a preferred basis 
in the Hilbert space of M are physically observable, and linear superpositions of such 
states, the Schrédinger’s cats, are eliminated. The states of the preferred basis are the 
classical states of M, which are fixed by the form of the interaction of M with the 
environment. Consequently, the physical properties of S that are measured by M are also 
well determined: the quantum correlations between M and S are transformed into classical 
correlations and the ambiguity in the physical properties measured by M is removed. 

In Section 15.4.5 we proved the following results for a linear superposition of two 
wave packets describing a Brownian particle: 


e the decoherence time is inversely proportional to the diffusion coefficient; 
e this time is the shorter the larger the “distance” a between the two linearly superimposed states 
in (B.24). 


For a sufficiently large particle the decoherence time is infinitesimally short compared 
with the characteristic time of the quantum evolution. Moreover, the environment selects 
the basis of the position states as the privileged basis, because it very rapidly destroys 
the coherences between different position states. 

In the experiment of Brune ef al., the decoherence time 7, is estimated as follows. 
The lifetime of a photon inside the cavity is 7. = Q/w ~ 160s, where Q is the qual- 
ity factor. The leakage of a single photon is sufficient to destroy the coherence of the 
superposition (B.24) and this occurs after a time 7, ~ T./(n). More precisely, the “dis- 
tance” between the two superimposed states is a = 2(n)!/? sin ® (Fig. B.2), and according 
to (15.148) we expect the decoherence time to be inversely proportional to a’: 


E 
ere ee (B.25) 
4(n) sin” ® 
The principle of measuring 7, is the following. A second atom is sent into the cavity 
C with a variable delay 7 after the first in order to probe the field in the state in which 
it has been left by the passage of the first atom. Let py,,,,) be the joint probability of 
detecting the first atom in the state €, = + and the second atom in the state ¢, = + at 
the exit of R,. The passage of the first atom in the state |+), shifts the phase of the field 
by +, and that of the second atom in the state |—), shifts it by —®, so that the total 
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phase shift is zero. It is clear that a phase shift of zero is also obtained when the order is 
reversed, |—), followed by |+),, as the trajectories (in the Hilbert space) [1+, 2—] and 
[1—, 2+] are indistinguishable, and this property is what leads to the interferences in the 
joint probabilities py,..,)- It can be shown that the quantity 


Pri—.2-} = Pri4.2-] 


= oe (B.26) 
Pu} Pp—24y Prrg.2-) F Prig.24]4 


is 1/2 if the two states of the field are coherent and zero if they form a statistical mixture. 
Measurement of 7, which is controlled by the coherences of the state matrix, permits 
recovery to the degree of partial coherence preserved after a time 7 (Fig. B.2). The 
experimental results confirm the expected properties in every point. 

Returning to the general analysis of Section B.1, once the measurement has been com- 
pleted, the state operator of S is given by an incoherent superposition (B.9). In this sense 
the WFC postulate is a consequence of the measurement operation, and this postulate 
is convenient but not independent of the other postulates. In the case of two consecu- 
tive measurements, if the interaction of the measuring devices with the environment is 
taken into account it is possible to calculate the probabilities of results of the second 
measurement without resorting to the wave-function collapse postulate, and the results 
will be the same as those obtained when this postulate is used. On the other hand, pos- 
tulate II remains completely outside the scope of decoherence:* this postulate tells us 
that the probability of the result |g,,) is |c,|’, but it is a unique result which is obtained 


0.2 


Fig. B.2. Time falloff of the coherence. The solid line corresponds to a large angle 2® between 
the two coherent states, and the dotted line corresponds to two strongly overlapping states. From 
M. Brune etal., Phys. Rev. Lett. 77, 4887 (1996). 


8 We recall that the prescription of the partial trace, which we have used intensively in this appendix, is a consequence of 
postulate IT. 
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in a particular measurement, with a certain probability. All the possible results appear 
in (B.9), but there is nothing that can explain why one particular result will emerge from a 
particular experiment. No unitary evolution of the type (4.11) can explain this uniqueness 
of the result, and so far there is no known justification — assuming that this term even 
makes sense in this context — of postulate II. 


Appendix C The Wigner—Weisskopf method 


The derivation of the Fermi Golden Rule in Section 9.6.3 is limited to sufficiently short 
times t <7), and the exponential decay law (9.171) cannot be justified using only the 
arguments of that section. A method due to Wigner and Weisskopf permits this law 
to be justified for long times with the help of another approximation scheme.' Let us 
consider the following situation. A state of an isolated system a of energy E,, decays to 
a continuum of states b of energy E,. Examples of such a situation are the de-excitation 
of an excited state of an atom, a molecule, a nucleus, and so on with the emission of a 
photon, or the decay of an elementary particle. The states of energy E,, and E,, are the 
eigenstates of a Hamiltonian H: 


H|a)=E,|a), Hb) = E,|b), (C.1) 


and a time-independent perturbation W is responsible for the transition a — b; in the 
case of spontaneous photon emission, W is given by (14.58). The states a and b are 
not stationary states of the total time-independent Hamiltonian H = H® + W. We can 
assume that the diagonal matrix elements of W are zero:* W,,, = W,,, = 0 and we use 
|y(t)) to denote the state vector of the system, the initial state being |w(t = 0)) = |a). 
Let us decompose the state |y(t)) on the states |a) and |b) using the density of states 


DE, ): 
(2) = ya(De*"|a) + f dB, DEE.) ye. (C2) 


The Schrédinger equation applied to the decomposition (C.2) 


d|p(t)) 
dt 


ih 


= (H +W) |w(n) 


' The method of Wigner and Weisskopf is described by Cohen-Tannoudji et al. [1977], Complement Dxj,, and by Basdevant 
and Dalibard [2002], Chapter 17; a detailed and rigorous treatment is given by Messiah [1999], Chapter XXI. 
> Tf this were not the case, we could redefine H): 


H — HO =H +|a) Waa (al + [ Ey D(Es) |b) Wop (Ol- 
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leads to the system of differential equations (cf. (9.163)) 


iy, () = [ Way Y(OD(E)AEs. (C3) 
iy, (0) =e" Wi, (0). (C4) 


with w,,, = (E, — E,)/h. We know empirically that |y,(1)|? is given by an exponential 
law: 


ly? =e™, (C.5) 


which suggests that we try the function 


Ya(t) = exp (-+ ) ’ aS 6, —il, (C.6) 


where 6, is real. Substitution of (C.6) into (C.4) with the initial conditions y,(t = 0) =0 
gives after integration over ¢ 


y,(t) = io, a [exp (—i(@,, + 6/2)t) — 1]. (C.7) 


For long times t >> I~!, the exponential in (C.7) tends rapidly to zero and 


|W ie 


h?[(@ a, +8,/2)? +1?/4] = 


lim |y,(1)/° = 
To verify that our initial hypothesis is consistent with the evolution equations (C.3) 
and (C.4), we substitute (C.6) into (C.3), which gives 


hd 1 —exp(i[w,, + 6/2]t) 
— = | dE, D(E,) |W, ————“— 
7 = | ADEs) [Wal eo 5) 


(C.9) 
The constant 6 must be a solution of the integral equation (C.9). To be specific, let us 
study a transition from an excited state i of energy E; to the ground state f of energy E, 
of an atom, with the emission of a photon of energy hw. To an excellent approximation 
we can neglect the recoil kinetic energy of the final atom, which simply has energy E, 
in the reference frame chosen to be that where the atom in its initial state is at rest (cf. 
the discussion of Section 14.3.4). The density of final states to be used in (C.9) is that of 
the photon (14.62). In summary, we have |a) = |i) and |b) is the atom in the state f+ 
photon |f @ ks), as well as energy conservation 


with hwy = E; — E;. Choosing w as the integration variable instead of E, with dE, = hda, 
Equation (C.9) becomes 


—exp(i[@) —w+6/2]t) 


hd pe , 
nd _ p>» , ll 
5 i wo D(w) |W,,()| @, —0+6/2 ee 
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We are interested in the behavior of this equation at long times, and we shall need the 
behavior for t — oo of the function f(t, x) considered as a distribution: 


]—el* 
G2) = ; 
x 
When x is real, its Fourier transform is 
f(t, u) = i[O(uv) — O(t +u)] (C.12) 


because 
itx 


0 = 
-if dxei” = Lae 


and the t + co limit of f(t, uv) is simply —i0(—w), which gives the following for f(t, x): 


1 
lim f(t, x) = lim = P - —i76(x). (C.13) 
t—0o XxX 


n>0+ x +1N 
This result is also valid when x has a small imaginary part, x =Rex+in, ) > 0°. 
To see this it is sufficient to integrate over x in the complex plane, completing the 
integration contour by a semicircle whose radius tends to infinity. If 6, and Tare small 


compared with the typical ranges of variation of the functions D(@) and |W,,,(@)|°, we 
can substitute (C.13) into (C.11) and find the value of 6: 
2 2° = =D(w)|W, a 
5=—P/ doy OMe A oy (05,) Wa) F. (C.14) 
Ro J-c0 Wy) — @ h 


The second term on the right-hand side of (C.14) confirms that [ = —iIm6 is really 
given by the Fermi Golden Rule: 


P= D(o)IWar(o)?, (C15) 


while the first term corresponds to the shift of the energy level: 


0) Wan)? 


27> Dp 
Red = 6, =—P | io (C.16) 


This shift could have been obtained by a calculation using second-order time-independent 
perturbation theory; it is zero in first-order according to our hypothesis W,,, = W,, = 0. 


The phase 6, can be absorbed in a redefinition of wo: @) > w@)+6,, and then according 
to (C.8) the probability of observing a photon of frequency w is 


D(wo) | W.1(@o) |? 


p(w) dw = (wo — w,)?-+12/4] Sree r?/A] 


(C.17) 
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This probability is correctly normalized to unity 


+o dx T 


+00 
w)dw = 1 because / = SS 
bs Ee) -o X*+a? a 
taking into account the value (C.15) of I’. The curve representing p(w) is a Lorentzian 
(also known as a Breit—Wigner curve): 


D W, ‘ 
p(w) = (@)| zsh o)| : (C.18) 
hl (@ —))+T /4] 
The frequency of the final photon is not sharply defined, but has a spread Aw =I, which 
is the width at half-max of the curve p(@): 


p (w+ ; Aw) 1 5P(o = Wo). 
In other words, the frequency spectrum of the emitted photon is not monochromatic. The 
quantity T° is called the linewidth or sometimes the natural linewidth, as there are also 
other causes of this broadening such as the Doppler effect or collisions. Owing to (C.5), 
the lifetime of the excited state is the inverse of the linewidth, 7 = 1/I’. The energy spread 
of the final photon shows, from energy conservation, that the energy of the excited state 


N (Ep) 


Ef —E; (neV) 


—20 -15 -10 -5 0 5 


Fig. C.1. Photon spectrum N(E,) from the decay °’Fe* — °’Fe + photon, as a function of the 
difference E, — E; between the initial and final energies. After Basdevant and Dalibard [2002]. 


3 Aw is not a dispersion because the integral 
[ do(o— ope) 


is divergent, and so strictly speaking a dispersion cannot be defined; see Exercise 4.4.5. 
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has a spread AE = AT about a central value E;, and from it we derive the relation (4.30) 
between the lifetime and the energy spread: 


TAE=h. (C.19) 


However, there is in principle no limit to the precision with which this central value 
can be measured. Figure C.1 shows the experimental curve of p(w) for the decay of an 
excited level of >’Fe*: 


°7Fe* —> °’Fe+ photon (14keV), 


where the lifetime is tT ~ 1.4 x 107’ s. 
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Index 


absorption 145, 150 Boltzmann law 10, 138, 508 
addition theorem (of spherical harmonics) 321 Boltzmann weight 11 
alpha-radioactivity 279 Born approximation 426, 433 
ammonia molecule 139 Born—Oppenheimer approximation 154 
amplitude damping channel 524 Born rule 97 
ancilla 514 Bose-Einstein condensation 450 
angular momentum 228 boson 440 

addition theorem 342 bound state 4, 27, 265 

conservation of 222 bra 47 

quantization axis 308 Bragg angle 36 

standard basis of 310 Breit-Wigner curve 432, 576 
annihilation operator 359, 371 Brownian motion 538 
anticommutator 453, 526 butadiene molecule 152 


antiferromagnetism 444 


asymptotic series 458 Caldeira—Leggett model 541 
atom 4, 28 canonical commutation relations 114, 235 
dressed 503 representation of 236 
atomic nucleus 4 canonical transformation 383 
atomic number 4 Casimir effect 399 
autocorrelation function 531 Cauchy series 210 
cell 37 
beam (of particles) 404 center-of-mass 248 
beam splitter 59, 452 central extension (of a Lie algebra) 234 
Bell inequality 174, 175, 203 centrifugal barrier 325 
Bell measurement 197 chemical bonding 125 
Bell state 511 chemical potential 448 
benzene molecule 128 chemical reaction 4 
beta-radioactivity 5 chemical shift 138 
binding energy 4 classical source (or force) 392 
birefringent plate 63 Clebsch—Gordan (C-G) coefficients 343 
black body 13 closed quantum system 106 
Bloch equations (of NMR) 508 coherences (of a state matrix) 166, 191, 480 
Bloch theorem 284 coherent state 189, 365, 381, 390, 567 
Bloch vector 165, 479 coherent superposition 101, 166 
Bohr atom 29 commutation relations 231 
Bohr frequency 29 of angular momentum 232, 307 
Bohr magneton 465 commutator 51 
nuclear 465 complementary bases 71, 130, 255 
Bohr radius 30, 260, 327 complete set of compatible (or commuting) 
Boltzmann constant 11 operators 52, 103 
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complete vector space 210 
completeness relation 48, 218, 250, 289 
Compton wavelength 31, 114, 497 
computational basis 193 
conjugate momentum 373, 378 
connected 234 

simply 234 
conservation law 228 
contextuality 104, 185 
continuity equation 262, 290 
continuum limit 372 
control bit 194 
control-not (c-NOT) gate 194 
control-U (c-U) gate 515 
Copenhagen interpretation 185 
convergence 

strong (or in the norm) 211 

weak 211 
correspondence principle 114, 243 
cosmic microwave background 15 
Coulomb gauge 376, 395, 467 
Coulomb law 7 
counterfactual 178 
coupling constant 8 
covariant derivative 385, 398 
creation operator 359, 371 
cross section 

coherent 435 

differential 405 

elastic 421 

incoherent 435 

inelastic 422 

total 405, 422 
crystal lattice 3 
Curie temperature 444 
current 262, 407 
current density 262 


de Broglie wavelength 18 

Debye frequency 395 

Debye model 395 

decoherence 187, 190, 570 
decoherence time 543, 548 
delayed choice experiment 190 
delocalization energy 128 
density matrix: see state matrix 
density of states 292, 436, 573 
density operator: see state operator 
depolarizing channel 522 
detuning 134, 144, 478 
deuterium 4 

deuteron 5, 350, 420, 431, 443, 504 
Deutsch algorithm 207 
diamagnetic term 499 

diffraction 18 


Index 


diffusion coeffcient 488 
dimension 

of a Lie group 227 

of a vector space 42, 210 
dipole approximation 469, 475 
Dirac equation 461 
Dirac notation 47 
Dirac picture: see interaction picture 
dispersion 24, 104 
dispersion law 369 
dissipative force 483 
dissociation energy 5 
domain (of an operator) 213 
Doppler cooling 484 
Doppler temperature 489 
dynamical susceptibility 532 


effective mass 288 
effective potential 324, 417 
effective range 416 
Ehrenfest theorem 111, 229 
eigenstate 80 
eigenvalue 48 
degenerate 48 
subspace of an 49 
eigenvector 48, 217 
Einstein—Podolsky—Rosen (EPR) argument 
Einstein relation 489 
electric dipole moment 141, 470 
neutron 559 
electric dipole transition 149, 336, 352 
electromagnetic current 384 
electromagnetic interactions 7 
electron 4 
electroweak interactions 7, 398, 437 
elementary excitation 371 
element of reality 173 
energy band 284 
energy level 27, 30, 271 
entangled state 160 
environment 187, 521,570 
ethylene molecule 125 
evolution equation 106 
evolution operator 108 
exchange force 444 
exchange integral 494 
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expectation value (of an operator) 81, 99, 100 


exponential decay law 112, 120, 297, 573 


extension (of an operator) 214 


factorization rule 69 

Fermi constant 436, 559 
Fermi gas 448 

Fermi Golden Rule 297, 471 
Fermi level 448 
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Fermi momentum 449 helicity 333 
fermion 440 helicity amplitude 339 
Fermi sphere 449 helium 491 
Fermi surface 449 Hermite polynomial 363 
ferromagnetism 444 Hermitian conjugate 44, 215 
Feynman diagram (or graph) 113 hidden variables 68, 177 
Feynman—Hellmann theorem 117 Higgs boson 9 
field operator 373 Hilbert space 42, 209 
fine structure 461 Hilbert space of states 70 
fine structure constant 32 homomorphism 234 
first Brillouin zone 287, 369 hydrogen atom 29, 327 
fluorescence cycle 485 hydrogen molecular ion 154 
flux 405, 468 hyperfine structure 466 
Fock space 371 
Fokker—Planck equation 550 impact parameter 406, 412 
forbidden band 287 incoherent superposition 166 
formaldehyde molecule 152 incoming wave 281, 407 
Fourier transform 255, 290 incompatible bases 71, 81 
discrete, or lattice 368 independent particle approximation 128 
fullerene 21, 33 indistiguishable paths 24, 569 
functional space 213 inertial reference frame 223, 240 
infinitesimal generator 219, 228 
Galilean transformation 240, 305 of Galilean transformations 240 
Gamow peak 430 of rotations 232 
gauge boson 399 of time-translations 110 
gauge field 398 of translations 251 
gauge group 397 infinitesimal rotation 231 
gauge symmetry 397 input register 194 
gauge transformation 376 integral equation of scattering 426 
global 384 intensity of a light wave 62 
local 242, 254, 385 interaction picture 392, 529 
Gaussian integral 57 interference 18 
Gaussian wave packet 299 internal symmetry 397 
gluon 7, 399 ionization energy 5, 30 
gravitational constant 9 irreducible tensor operator 347, 357 
gravitational interaction 9 isometry 45 
graviton 7 
Greenberger—Horne—Zeilinger (GHZ) state 182 Jaynes—Cummings Hamiltonian 501 
Green function 425 Jones vector 67 
ground state 30, 127, 259 
group property 108 ket 47 
group velocity 259, 427 kinetic energy 242, 257 
gyromagnetic ratio 76, 465 Klein—Gordon equation 461 
Kramers degeneracy 557 
Hadamard gate (or matrix) 60, 194 Kraus representation 519, 520 
Hamiltonian 87, 106, 228 Kraus number 520 
Hamiltonian (or unitary) evolution 106, 169 
hard sphere scattering 406 (lambda-mu) polarizer 66 
harmonic oscillator 13, 358 Lamb-Dicke parameter 401 
damped 529 Lamb shift 380, 463 
forced 379 Landau level 388 
Heisenberg inequality 24, 35, 105, 257, 259, 299, 367, 382 Landé g-factor 464 
temporal 88, 111 Larmor frequency 77, 87, 133, 387 
Heisenberg picture 114, 122 Larmor precession 77, 133, 170 


Heisenberg uncertainty principle: see Heisenberg inequality laser 146 
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laser cooling 478 

laser trapping: see magneto-optical trap 
Legendre polynomial 320, 409 
Lennard—Jones potential 300 

lepton 6 

level density 292 

level spectrum 30 

Lie algebra 230, 247 

Lie group 227, 246 

lifetime of an excited state 33, 112, 149 
Lindblad equation 528 

linear response theory 532 

linewidth 479, 576 

local evolution 511 

local realism 174, 184 

longitudinal relaxation time 138, 508 
long-range force (or law) 8 
long-range order 3 

Lorentz force (or law) 10 

Lorentz gauge 379 


Mach-Zehnder interferometer 37, 206 
magnetic dipole transtion 336 
magnetic moment 76 
magnetic quantum number 308 
magnetic resonance imaging (MRI) 138 
magneto-optic trap (MOT) 489 
magnon 201 
Malus law 63 
Markovian approximation 527, 534 
maser 146 
mass number 4 
master equation 526, 537, 538, 541 
matrix 44 

normal 57 

positive 58 

strictly positive 58 
maximally entangled states 510 
maximal test: see test 
Maxwell equations 10, 375 
measurement 186, 561 

ideal 100 

von Neumann (or orthogonal) 511 
memory effect 526 
memory kernel 527 
microreversibility 555 
minimal coupling 386 
mixture 162 
molecular orbital 126 
molecule 4 

diatomic 33, 301, 318, 443 
momentum 10 

conservation of 222 
momentum operator 228, 250 
momentum transfer 426, 472 
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muon 498 


muonic atom 498 


Néel temperature 
Neumark theorem 
neutrino 7, 435 


444 
513 


neutrino oscillations 121 


neutron 4 
cold 18 
thermal 18 

neutron diffaction 


18, 35 


neutron interferometer 38, 93 


neutron optics 433 


no-cloning theorem 191 
node 271, 326, 363 


non-Abelian gauge theory 386, 397 


nonlocal evolution 511 


nonseparability (of the state vector) 


norm 


of a vector 43, 209 


of an operator 
normalized vector 


213 
47, 97 


normal mode 367, 369 


magnetic resonance imaging (MRI) 
nuclear magnetic resonance (NMR) 


nuclear reaction 4 


nucleon 4 
number of levels 
number operator 


115 
360 


nutation frequency 113 


observable: see physical property 


occupation number 371 


offset frequency 


134 


open quantum system 507 


operator 
antilinear 553 


antiunitary 225, 553 


bounded 213 
compatible 72 


179 


138 
132, 201, 508 


Hermitian (self-adjoint) 45, 98, 215 
incompatible 72 


linear 44 


scalar 232, 345 
unbounded 213 
unitary 45, 52, 219 
vector 233, 345 
optical Bloch equations 478, 525 


optical molasses 
optical potential 


485 
424 


optical theorem 423, 424 


optical tweezers 


484 


orbital angular momentum 317 
orthohydrogen 431, 444 


orthonormal basis 


43, 210 


outgoing wave 281, 407 
output register 195 


parahydrogen 431, 444 
paramagnetism 444 
partial wave 324 
parity 237, 322, 443 
negative 240 
positive 240 
partial wave expansion 409, 411 
Pauli matrices 85 
Pauli principle 128, 441 
periodic boundary conditions 291 
periodic potential 283, 302 
perturbation theory 492 
degenerate 456, 458 
nondegenerate 456, 457 
second-order 495 
time-dependent 294 
time-independent 455 
perturbation series 456 
phase damping channel 523 
phase factor 98, 163 
phase shift 410 
phase space 291 
phenomenological law 11 
phonon 33, 371 
photo-electric effect 16, 471 
photon 7, 16, 378 
physical property 70, 98, 163 
compatible 72, 103 
incompatible 104, 308 
pielectron 125 
pi-meson 113, 445 
pi-pulse 135, 566 
pi/2-pulse 135, 565 
Planck’s constant 15 
Planck-Einstein relation 17 
pointer state 544 
Poisson distribution (or law) 365, 394, 487 
Polarization 
circular 64 
elliptic 67 
left-handed circular 65, 333 
linear 62, 70 
of light 61, 166 
of a photon 68, 166, 322 
right-handed circular 65, 333 
polarized 81 
completely 165 
partially 165 
population inversion 138, 145, 482 
position operator 228, 250, 254 
positive operator valued measure (POVM) 513 
positron 7, 199, 451 
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positronium 199, 451 

potential 27, 261 

potential barrier 27, 277 

potential scattering 404 

potential well 27, 265 

Poynting vector 34, 148 

preferred basis 187, 544 
premeasurement 186, 563 

preparation 71, 99, 164 

principal quantum number 310, 327 
probability amplitude 23, 68, 97 
probability current 263, 290 

probability density 127, 254, 290 
projection operator (or projector) 46, 252 
proton 4 

public key 73 

pure state (or pure case) 98, 162, 164, 166 


quantization in a box 291, 377 
quantization of energy levels 29, 271 
quantized electromagnetic field 377 
quantized field 371, 373 

quantum bit (qubit) 193 

quantum chromodynamics (QCD) 8, 398 
quantum computing 192 

quantum cryptography 73 

quantum electrodynamics (QED) 116, 463 
quantum field theory 8 
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quantum fluctuations (of the electromagnetic field) 379, 


380 
quantum information 191 
quantum jump 519 
quantum jump operator 528, 537 
quantum key distribution (QKD) 73 
quantum logic gate 193 
quark 6 
quasi-momentum 284 
quasi-particle: see elementary excitation 
quasi-resonant approximation: see rotating wave 
approximation 


Rabi frequency 133, 144, 479 
Rabi oscillation 135 

radial equation 324, 351, 409 
radial quantum number 327 
radial wave function 324 
radiation gauge: see Coulomb gauge 
radiative capture 504 

radiative decay (or transition) 331 
Ramsey fringes 566 

ray 98, 223, 552 

reactive force 484, 502 

reciprocal lattice 36 

recoil energy 474, 486, 574 
recoil temperature 486 


584 Index 


reduced mass 31, 34, 248 singlet state 340, 419, 442 
reduced matrix element 345, 347 S-matrix (or scattering matrix) 280 
reflection coefficient 269 S-matrix element 411 
relaxation time 527 SO(3) group 227 
renormalization 8, 32 source (of the electromagnetic field) 10, 375 
representation (of a group) 247 source (of particles) 264 
irreducible 314 space of states 42, 70, 97 
projective 226, 249 space of polarization states 64, 70 
spinor 227 spectral decomposition 50, 218 
vector 227 spectral function 539, 549 
reservoir 530 spectrum (of an operator) 217 
resolvent 54, 217 continuous 217 
resonance 132, 432 discrete 217 
resonance curve 136 spherical Bessel function 410 
resonance frequency 143 spherical component (of a vector) 321, 345, 476 
rotating (reference) frame 134, 155 spherical harmonic 318 
rotating wave (or quasi-resonant) approximation 145, 156, spherical rotator 318, 443 
401, 481 spherical well 350, 413 
rotation matrix 86, 312, 344 spin 76 
rotational levels 319 spin echo 201 
RSA encryption 73 spin 1/2 77 
Rutherford cross section 433 spin orbit coupling 343 
Rydberg atom (or state) 499, 564 spin orbit potential 462 
Rydberg constant 30, 327 spin statistics theorem 442 
spontaneous emission 149, 473 
saturation parameter 482 square well 
scalar field 317, 371 finite 271 
scalar product 42, 209 infinite 270 
scanning tunneling microscopy (STM) 280 squeezed state 383, 394 
scattering standard model (of particle physics) 9 
coherent 40, 434 state matrix 164 
elastic 412 state operator 162, 163 
incoherent 40, 434 reduced 167, 509 
inelastic 420 state vector 70, 97 
scattering amplitude 407, 426 stationary state 88, 110 
scattering angle 404 stationary phase approximation 258 
scattering experiment 404 statistics 440 
scattering length 95, 413 Bose-Einstein 440 
scattering of identical particles 446 Fermi—Dirac 440 
scattering state 27, 265, 273 Stern—Gerlach experiment 77, 172, 303 
Schmidt decomposition 510 Stern—Gerlach filter 79 
Schmidt number 510 stimulated emission 145, 150 
Schrédinger’s cat 187, 190, 524, 542, 569 Stone theorem 219 
Schrédinger equation strong interactions 8 
time-dependent 261 SU(2) group 86, 233 
time-independent 261, 264, 290 superoperator 518 
Schrodinger picture 114, 122 superposition principle 42, 62, 97 
Schwarz inequality 43, 211, 212 superselection rule 98 
secret key 73 survival probability 112, 119 
secular approximation 536 symmetry 222 
selection rules (for electric dipole transitions) 471 system with a finite number of levels 125 
semi-classical aproximation 32, 149, 467 
separability (of a Hilbert space) 210 target 404 
short-range force 8 target bit 194 


sigma electron 125 teleportation 195 


tensor product 
of two vector spaces 158 
of two operators 160 
test 71 
ideal 100 
maximal 103, 166, 511 
thermal wavelength 450 
Thomas precession 462 
time reversal 239, 274, 282, 555, 556 
T-matrix (or transition matrix) 335 
trace (of an operator) 48, 55 
partial 167 
transformation 
active 223 
passive 223 
transition probability 148, 296 
transmission coefficient 269, 278 
transmission matrix 276 
transverse relaxation time 138, 508 
trapped ions 195, 400 
triplet state 340, 419, 442 
tunnel effect 140, 278, 301, 429 
turning point 279 
two-level atom 114, 149 


unitarity relation 424 
unit vector 8 
unpolarized 165, 420 


vacuum energy 379 

vacuum Rabi frequency 501 
vacuum Rabi oscillations 502 
vacuum state 380 

van der Waals force 495 
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vanishing boundary conditions 291 
variational method 117, 459, 492 
vector 

axial (or pseudo) 237 

polar 237 
virtual (or antibound) state 415 


von Neumann (or statistical) entropy 168, 507 
von Neumann (or orthogonal) measurement 


von Neumann measurement theory 304 
von Neumann theorem 237 


wave equation 261, 372, 377 
wave function 127, 250, 254, 290 
in the p-representation 255 
wave function collapse (WFC) 102, 571 
wave mechanics 250, 362 
wave packet 256, 407 
wave-packet scattering 427 
wave-packet spreading 259, 298 
wave vector 13, 18, 257 
W-boson 7, 399 
weak interactions 8, 238, 435 
width of a state 112 
Wigner—Eckart theorem 347 
Wigner function 550 
Wigner matrix: see rotation matrix 
Wigner theorem 225, 552 
Wigner—Weisskopf method 573 


Z-boson 7, 112, 399 
Zeeman effect 463, 489 
Zeeman level 87, 133, 464, 489 


zero-point (or vacuum) energy 361, 379, 400 
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